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Abstract  
HIERARCHICAL TEMPLATES AND THEIR APPLICATION TO MAKING 
MULTIMODAL POROUS STRUCTURES FOR DIFFERENT APPLICATIONS 
By Bo Zhao, PhD 
 
A Dissertation submitted in partial fulfillment of the requirements for the degree of 
Doctor in Philosophy at Virginia Commonwealth University. 
Virginia Commonwealth University, 2011 
Major Director: Maryanne M. Collinson, 
Professor, Department of Chemistry 
 
 Hierarchical materials offer great promise for high-performance sensors and 
catalysis carriers. Well-defined hierarchically porous materials are promising candidates 
for a wide range of applications relating to biosensors, separations, drug delivery, 
surface-enhanced Raman scattering (SERS), etc. Research on synthetic methodologies is 
expanding. However, fabrication of hierarchical porous structures with tunable pore 
dimension and shape, controllable pore distribution and interconnectivity is still a 
challenging task in materials science. One of the main tasks of this work is to establish a 
facile and reliable approach of making well-defined hierarchically porous materials. 
Then, based on those multimodal porous structures, different functions and applications 
can be realized.  
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       This work utilizes a direct hard templating method to obtain hierarchical porous 
structures with a well-defined bimodal distribution of the pores based on hierarchical 
templates. The hierarchical templates were prepared by synthetically joining 
appropriately functionalized commercially available polystyrene (PS) latex spheres 
together. Two different coupling reactions were used to form the hierarchical templates: 
carbodiimide-assisted coupling of COOH groups with NH2 groups and base-assisted 
coupling of epoxy groups with NH2 groups. Two different morphologies of templates, 
"raspberry-like" and "strawberry-like" were made. The template can be defined by the 
sizes of both the "core" and the "satellite" spheres, and altering the coverage of 
"satellites" on the "core". The main advantage of this strategy is the tailorability of the 
size and shape of the hierarchical templates, which allows an easy and independent 
adjustment to the multiporosity of the material structure design. Also, the monodispersed 
hierarchical templates are constructed of only one material, can be isolated, and can be 
assembled using standard template packing procedures that have been used for unimodal 
porous material fabrication described in published literature. 
Based on the predefined monodispersed hierarchical templates, multimodal porous 
silica, bimodal porous gold film and porous capsules were fabricated in this work as 
representative 3D, 2D, and 0D hierarchical porous structures, respectively. Because the 
template was predefined as one whole body, the connectivity between the big pores and 
small pores is guaranteed. The way the templates are packed together on a surface also 
ensures connections between each "template-shaped pore cluster". The uniform 
interconnectivity and ordered arrangement among the pores allows the different modals 
xxvi 
 
of pores to communicate with each other. The different hierarchical porous materials 
made in this work were characterized with SEM, TEM, AFM, XPS, STEM, gas 
adsorption, and mercury intrusion porosity. The results indicate that the multimodal 
porous materials can be successfully fabricated using predefined hierarchical templates. 
The different arrangement (3D, 2D, 0D) of those templates and the independent 
tailorability of the pore sizes provide more flexibility and control on the hierarchical 
porous material fabrication.  
 The main parts of this work are as follows: (1) Fabrication and characterization of 
morphology controllable hierarchical templates (2) Fabrication and characterization of 
various multimodal porous structures of different materials based on the obtained 
templates (3) Study of the application of hierarchical porous gold electrode obtained and 
(4) The comparison between conventional porous structures and hierarchical porous 
structures. 
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Chapter 1 Introduction 
1.1 Introduction  
     This dissertation work aims to establish a facile and flexible approach to prepare well-
defined hierarchical porous materials based on hard templating. New preparation 
methods are essential for the utilization of various hierarchical porous materials for a 
range of applications that include sensors, catalysts, and renewable energy and storage 
devices. In this chapter, an overview of the history of porous materials, their properties 
and different approaches to make porous materials will be discussed. This overview is 
followed by the recent advances in the fabrication and applications of hierarchical porous 
materials. 
1.2 Overview of inorganic porous materials 
    The field of porous inorganic materials has a long history in both natural and man-
made materials. Porous materials are ubiquitous in our daily life due to their porous 
structure and properties such as low density, permeability, thermal insulation, separation, 
adsorption, and sound absorption.
1
 Originally porous materials were those that had 
random pore sizes and shape distributions. As people’s knowledge of porous materials 
expanded, porous materials with a tunable pore size and a narrow pore size distribution 
(called unimodal pores) or an ordered porous structure were developed to better meet 
application requirements.
2,3
 Unimodal pores, for example, can exclude some molecules 
due to the differences in molecule size and shape or can help to distinguish molecules 
based on size differences as they will result in a different diffusion rate (size selectivity
4
/ 
selective permeability
5,6
). Materials containing ordered interconnected pores with a 
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narrow pore size distribution are needed for applications that require uniform diffusion 
such as shape-selective catalysis or the separation of gas and liquid mixtures based on 
molecular size. In addition, the high specific surface areas and rich surface chemistry 
provided by porous materials can result in the development of high efficiency catalysts 
and their supporting structures for catalysis applications.
7
  
     There are three classes of porous materials as defined by IUPAC: microporous (d <2 
nm), mesoporous (2 nm < d < 50 nm), and macroporous (d > 50 nm).
8
 Each type of pore 
has a characteristic diffusion profile. 
(1) Microporous materials: the small size of the micropores is defined by molecular 
structures or macromolecular templates. Typical examples are zeolites and molecular 
sieves. These materials are mostly used for gas phase applications, such as gas storage
9,10
, 
purification
11,12
, separation
12
, or gas phase catalysis
13
. For a liquid-phase application, the 
transport of molecules and ions in the micropore network is driven by activated diffusion 
(molecules and ions move against the concentration gradient due to the interaction 
between the molecules and the pore wall materials). The high surface area that results 
from the microporosity is compromised by slow diffusion, which limits the fast and full 
exposure of the inner surface area to the liquid phase. Metal–organic framework (MOF) 
materials, also designed on molecular level, consist of a framework supporting a regular, 
porous structure.
14
 Most MOF materials belong under the ‘microporous’ category, while 
some extend into the ‘mesoporous’ material range. MOF materials possess unique 
physical and chemical characteristics and their high surface area can provide a greater 
storage volume compared to other porous materials.
15,16
 A molecular imprinted matrix is 
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another type of microporous material according to the definition of microporous material. 
Due to the molecule (biomolecules or other macromolecules) size, the materials 
composed of imprinted molecule cavities fall under the microporous material 
category.
17,18
 Based on the conformation, functional groups and size of the analyte 
molecule, the cavities formed by molecular imprinting can be used for molecule 
recognition, which is an important strategy in sensor design.
19
 
(2) Mesoporous materials: the mesopores can be fabricated based on soft templating 
strategies like using micelles, or by templating mesoporous materials like SBA-series, 
MCM-series, Anodic aluminum oxide (AAO), etc. that have mesopores.
20-23
 Typical 
mesoporous materials include some forms of silica and alumina that have similarly-sized 
fine mesopores. Applications of mesoporous materials include catalysis, sorption, drug 
delivery, gas sensing, imaging and ion exchange.
3,24
 The diffusion style through 
mesopores is described by Knudsen diffusion, a means of diffusion that occurs in a 
narrow pore (2–50 nm) because molecules frequently collide with the pore wall.25 
Surface diffusion may contribute to the flow when a concentration gradient exists.
26
 
Ordered mesoporous materials, which have an open pore structure, uniform pore size, 
and large pore volume, high surface areas and shape-selectivity for guest molecules, are 
promising in many applications.
27,28
 Compared with microporous materials, mesoporous 
materials have bigger pores and more accessible inner pores. However, due to pore size 
limitations they still exhibit considerable resistance to diffusion, especially over long 
distances. 
(3) Macroporous materials: Macroporous materials are made based on hard templating 
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strategies, like using particle templates or bulk templates.
29,30
 Hard templating is the 
method most often used to prepare uniform macroporous materials due to the rigid 
support and uniform size distribution provided by the hard template. The microemulsion 
method has also been reported for fabricating macroporous materials.
31,32
 Three-
dimensional (3D) macroporous materials made via colloidal crystal template packing (the 
so-called inverse opals) are a typical example.
33
 Polymer beads and other colloidal 
latexes are the mostly widely used hard templates to make a 3D close-packed structure 
for opal and inverse opal porous material fabrication.
34
 Bulk templates like 
biomaterials
35,36
 and porous matrices
37
 can also be employed as templates for 
macroporous material fabrication. Diffusion through macropores is bulk diffusion, and 
when a gradient exists, the flow in the macropores is viscous flow.
26
 Compared with 
mesoporous and microporous materials, macroporous materials have relatively low 
surface area, but significantly improved diffusion rate. Macropores are also used as 
storage reservoirs.
38
 
The transport mechanism and characteristic features are summarized in Figure 1.1 and 
Figure 1.2.  
 
 
5 
 
 
Figure 1.1 Transport mechanisms through pores (Reprinted from ref 26 with kind 
permission from Wiley-VCH. Copyright 2005).
26 
 
 
Microporous  
d < 2 nm  
Pore size comparable to the molecules.  
Activated transport dominates.  
Mesoporous  
2 < d < 50 nm  
Same order or smaller than the mean free path length.  
Knudsen diffusion and surface diffusion.  
Multilayer adsorption and capillary condensation may 
contribute.  
Macroporous  
d >50 nm  
Larger than typical mean free path length of typical fluid.  
Bulk diffusion and viscous flow.  
 
Figure 1.2 Three categories of porous materials and their transport mechanisms.
26
 
 
 
Diffusion in
macropore
Fick’s Law
J is the "diffusion flux" per unit area per unit time; D is 
the diffusion coefficient;  Ф is concentration;  x is the 
position.
Diffusion in
mesopore
Knudsen diffusion
Ds is the self-diffusion coefficient, which depends on the 
concentration c, t is time, N is the total number of 
particles in the system, and ri is the position vector of 
particle i. 
Diffusion in 
micropore
Capillary condensation
Pv is equilibrium vapor pressure; Psat is saturation 
vapor pressure; H is mean curvature of meniscus; is 
liquid/vapor surface tension; Vl is liquid molar volume; R 
is ideal gas constant; T is temperature. 
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1.3 Introduction of templating methods 
  Numerous approaches for the synthesis of porous materials have been explored in the 
past decades. Porous inorganic materials can be made using methods like templating, 
dealloying, spray drying, and sol-gel processing etc. Among those, template based 
synthesis strategies are the most popular due to their flexibility and ability to precisely  
control pore size and shape.
39
  
        The templating method uses templates to direct reactions to a certain region.
34,40,41
 
Templates are used to control, influence and modify material morphology and pore size 
to tune the properties of the porous material accordingly. A brief overview of the diverse 
set of porous materials developed using the templating method is shown in Figure 1.3. 
Different structures can be obtained by changing the templates and/or assembly, while 
chemically different materials can be fabricated by changing the components.
34
  The 
flexibility provided by templating methodology provides a means to improve material 
performance for different applications.  
 
Figure 1.3 Overview of the templating process used to prepare porous materials in 
various forms for different applications. 
different assembly of templates different material
different applications
Templating method
monolith thin film capsule
Other porous 
structure
Metal Polymers Nonmetal oxide
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    The templating method can be subdivided into four categories:  hard templating, soft 
templating, sacrificial templating, and others based on the type of template.       
1.3.1 Hard templating 
    Hard templating methods are suitable for the synthesis of a broad range of materials, 
including porous structures, quantum dots, wires, rods, and tubes, etc. This method can 
also be used to make various novel porous structures that are difficult to fabricate by the 
soft template method. Literally anything solid could be used as a hard template.
42
 In 
general, the individual templates are first assembled in a certain arrangement on a surface, 
like close packing into a 2D or 3D structure. The template packing is then impregnated 
with the desired precursor, e.g., a silica or titania sol. Upon template removal, an array of 
pores that are exactly the inverse structure of the template packing is produced.
 43,44
 An 
example of the hard templating process is shown in Figure 1.4. For  porous structures that 
have long-range order, the template can be a porous material itself such as anodic 
aluminum oxide (AAO) or Zeolite, membranes, MCM (Mobil Crystalline Materials), 
SBA-n (Santa Barbara USA).
37
 For example, microporous zeolites and ordered 
mesoporous silicas (e.g., MCM-48, SBA-15, and SBA-16) have been used to fabricate 
microporous and mesoporous carbons, respectively.
27,28,45-48
 Considerable efforts have 
also been focused on employing uniform templates and creating the complementary 
structure for accurate control over the composition, pore size, volume, surface area and 
connectivity.
49-52
 Examples of hard templates that are routinely used to form porous 
materials include colloidal spheres,
34,53,54
 opals and an assortment of biostructures 
including diatoms, bacteria, viruses, and parts of insects.
55
 The template removal schemes 
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are versatile, for instance, by acid leaching, base leaching, calcination, plasma etching, 
etc. depending on the nature of the hard template.  
  
Figure 1.4 Schematic process of porous thin film fabrication via the hard templating 
method. First, pack the templates on a surface, and then impregnate the desired material 
into the empty spaces in the template packing. After template removal by post treatment, 
the structure that remains on the surface is a porous thin film. 
 
1.3.2 Soft templating 
Soft templating primarily uses “soft templates” to restrict and direct the growth of the 
desired material. These “soft templates” include reverse micelles, micro-emulsions, block 
copolymers, surfactants, biomacromolecules, organic-based molecules, vesicles, lyotropic 
liquid crystals (LLCs), ionic liquids etc. 22,56,57 The templating structures include lameller, 
hexagonal, cubic, etc.. Soft templating is widely employed to fabricate mesoporous 
materials. The size of the pores can be tuned by changing the concentration of the 
surfactant. Compared with other templating methods, soft templating has many 
advantages in the preparation of hollow nanostructures.
58
 The drawback is that most of 
these fabrication procedures require calcination to completely remove the templates, 
which limits applications to those materials that cannot stand high temperatures. In many 
cases, it is also difficult to use soft templating to control the pore size uniformity and to 
scale up soft templating methods.  
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1.3.3 Sacrificial templating  
    Sacrificial templates are templates that are removed during which the porous matrix 
forms. Examples include inorganic salts, ice crystals
59
, etc. Those templates are either 
consumed by the interaction between the template and desired material, or dissolved 
during the formation of the desired porous material. Galvanic replacement reaction is one 
effective strategy for sacrificial templating. It has been used to produce hollow 
nanostructures of noble metals.
60
 A replacement reaction happens between the template 
metal and the desired metal and is driven by the electrical potential between those two 
metals. The template metal primarily acts as the reducing agent (anode) and is oxidized 
by the cations of the other metal acting as the oxidizing agent (cathode). After the 
reaction, the sacrificial template is consumed and the desired metal is formed based on 
the original shape of the template. This method is normally used to fabricate hollow 
capsules, tubes or other individual hollow structures.
61
 The size and shape of the interior 
void are mainly determined by the size and shape of the sacrificial template. Due to the 
sacrificial growth mechanism, this method is not very effective for the preparation of 
porous monoliths or thin films.  
1.3.4 Other templating methods 
     Air bubbles produced by sonication, surfactants in the solution or gas bubbles 
generated during a reaction have also be used as “templates” to prepare porous 
materials.
62
  Recently, Ostwald ripening has been employed to fabricate hollow structures 
by a one-step self-templating method.
63
 Basically, nanoparticles are introduced into a 
hollow composite structure composed of nanoparticles and templates, and then Ostwald 
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ripening in confined microspace will result in a shell structure along the original hollow 
structure. According to IUPAC's definition, Ostwald ripening is “Dissolution of small 
crystals or sol particles and the redeposition of the dissolved species on the surfaces of 
larger crystals or sol particles.”63 This process is driven by chemical potential differences 
among different sized particles. The average radius of the particles <R>, grows as follows: 
 
 
Where  = average radius of all the particles;  = particle surface tension or surface 
energy;  = solubility of the particle material;  = molar volume of the particle material;
 = diffusion coefficient of the particle material;  = ideal gas constant;  = absolute 
temperature and  = time.
65
 
    In summary, it can be seen that for all the different templating methods used, it is 
crucial that monodispersed, uniform templates be used and good packing (assembly, or 
distribution) of the templates are employed to control the porosity and morphology of the 
final porous structure. This is the most important foundation for the fabrication of high 
quality porous materials.  
1.4 Introduction to hierarchical porous materials  
    Hierarchical porous materials
 39
are defined as materials that contain a porous structure 
that consists of interconnected pores on different length scales (i.e., macropore and 
mesopore). Most of the “hierarchical porous structures” found in natural environments 
consist of randomly distributed pores of various size and shape, and sponge-like 
morphologies. There is no clear distinction of each level of multiporosity; neither does 
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each level of porosity necessarily and effectively communicate with the other levels. 
Strictly speaking, this type of material doesn’t have controlled function based on 
multimodal porosity and morphology of the material; thus, it is not exactly a hierarchical 
porous material, but more of a natural porous material.  
Porous materials that have been developed range from those with randomly distributed 
pore size and shape to unimodal ordered porous material and most recently to 
hierarchically structured porous materials. Conventional porous materials frequently have 
disordered and randomly distributed pores, including such examples as alumina, silica, 
and activated carbon which have been used as catalysts, catalyst supports, and adsorbents. 
During the evolution from traditional porous materials to unimodal porous materials, 
many unique properties and functions were realized as scientists obtained more control 
over porous material design. For example, the inverse opals made based on the colloidal 
templates have special optical properties relevant to their pore sizes.
66
 Highly ordered 
mesoporous carbon has been used for supercapacitors and in fuel cell and sensing 
applications.
67-69
 Based on recent knowledge and new synthesis techniques, the 
hierarchical combination of the three types of porous materials has begun to get people’s 
attention. Many researchers have been interested in the synthesis of hierarchically porous 
materials,
70,71
 while others on the application of such materials. Developments in this 
hierarchical porous material field have lead to improved material function and new 
applications.
72-79  
 
       Multimodal porous material (hierarchical porous material) can ideally have more 
than one function by effectively arranging different porosities in one material. Studies on 
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hierarchical meso/macroporous materials have been investigated the most.
80-82
 The prime 
aim has been to couple in a single material the different features associated with 
micropores and/or mesopores, specifically high surface area provided by the micropores 
and the improved access and transport resulting from the macropores. The multi-level 
architectures can provide unique properties or features to the structure, such as wettability 
and increased surface area, molecule or ion diffusion ability, etc. Previous research in this 
field designed and utilized these materials for superhydrophobicity and catalysis.
83-85
 
Hierarchically porous materials have many special applications in other fields as well. 
For example, in catalysis, strategies to enhance catalyst effectiveness involve the 
synthesis of materials with high surface area and short diffusion length.
79
 To maximize 
permeated flux through the porous structure without losing the critically needed 
interfacial area, two different sized pores can be combined hierarchically; big pores to 
improve diffusion and small pores to increase surface area. In this way, ideally more 
catalyst surface area will be available to the reactants in a relatively shorter time, which 
can help increase the catalytic efficiency. Another example is the application of 
stationary phases materials in chromatography, big pores facilitate fast diffusion to 
achieve short retention time, while smaller pores improve the separation. Different 
applications can be expected, depending on how the pores of different length scales can 
be arranged and how they communicate with each other. 
1.5 Strategies for hierarchical porous material fabrication  
     Hierarchical porous materials can be prepared via "bottom-up" self-assembly 
techniques, "top-down" methods, or a combination of both. “Botton-up” methods are 
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often combined with templating methods in order to define the sizes of the multimodal 
pores, while “top-down” methods are more physical processes, such as lithography, or 
involve chemical treatments, such as etching. Soft lithography and other lithographic 
methods (e-beam lithography, AFM lithography, photolithography, etc.) are additional 
ways to make those materials, but they are mostly limited by the 2D design (not 3D).  
Some are also expensive and require high quality synthesis conditions.
86-88
 As a result, 
the “bottom-up” method combined with templating is still the most widely used strategy 
to make hierarchical porous materials. Recent studies carried out on the fabrication, 
characterization, and applications of the hierarchically hollow structures with designed 
size, shape, composition and function are discussed below in different categories. 
1.5.1 Dual templates 
Hierarchically bi-modal and tri-modal porous structures can be fabricated by combining 
two different templating methods or by using a secondary template of the same type, i.e., 
combining a hard template with soft template,
89
 a soft template with a sacrificial template, 
two different hard templates,
90
 or two different soft templates of different length scales, 
etc. .
71,91
 Figure 1.5 (A) is an example of a dual hard templating approach that has been 
used to form bimodal porous carbon. The macropores are generated by templating 
polystyrene spheres, while the mesopores are generated by the spaces among the small 
silica beads that were used to fill in the gaps between the polystyrene spheres. After that, 
the carbon precursor was introduced into the spaces generated by silica beads, and then 
silica was removed to form the carbon matrix as shown in the lower images. Figure 1.5 
(B) is an example of a combined hard templating and soft templating method that has 
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been used to form porous silica bead arrays. A polymer-based inverse opal produced 
spherical cavities in which the cooperative assembly of silica precursors and the triblock 
copolymer mesophase takes place. After template removal, a porous silica array was 
obtained. Figure 1.5 (C) is an example of dual soft templating method. The highly 
organized mesoporous silica monoliths were prepared by two soft templates: fluorinated 
nonionic surfactants and micelles of two hydrocarbon block copolymers. The two soft 
templates did not influence each other, but template individually to form bimodal pores. 
In the dual templating method, the distribution in size, shape, and organization of the 
pores is directly related to the templates and their assembly. The key issues for the 
synthesis of hierarchical porous materials are how to template the pores and order and 
shape them to realize their interconnectivity and multiporosity as needed to further carry 
out the desired function.  The complex template, for example, can be a surfactant 
template in combination with a colloidal-crystal template. It can also be a surfactant 
template combined with polymer foam, bio-cellulose, emulsion, inorganic salt, or ice 
crystal templates.
71
 Various bimodal meso–macroporous materials with interconnected 
pore channels have been prepared using this strategy including carbon, zirconia, and 
titania, as well as silica monolith with interconnected channels. Most of the hierarchical 
porous materials fabricated by templating methods reported up to now involved soft 
template methods, for example, micelle, vesicle, liquid drops by Layer by layer (LBL), 
emulsion-assisted technology or self-assembly.
92-98
 These methods are a good way to 
prepare particles or hollow spheres, but not necessarily porous monoliths, thin films or 
other large-dimension structures due to the difficulty of ordered assembly of templates 
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over a long range.  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.5 (A) An example of dual templating with polystyrene and silica beads,
88
 (B) 
3D-assembled mesoporous silica colloids and their different internal structures, 
99
 and (C) 
Mixed micellar phases of nonmiscible surfactants:  mesoporous silica with bimodal pore 
size distribution via the nanocasting process.
100
 Reprinted from ref 88, 99, 100 with kind 
permission from Wiley and American Chemical Society. Copyright 2004, copyright 2004 
and copyright 2007. 
 
A drawback of the dual templating strategy is that it is hard to control the 
interconnectivity between the different levels of porosity. Most of the methods result in 
two or more modals of pores in the structure that don’t interact with each other, an 
(A) 
(B) 
(C) 
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example of which is shown in Figure 1.6.  In this figure, three modals of pores in a silica 
material are shown:  large spherical pores generated by polymer colloid templates, small 
spherical pores and wire-shaped pores generated by two types of micelles, block 
copolymer and ionic liquid, respectively. The three types of pores are randomly 
distributed in the silica matrix; they are not interconnected, which limits the effective 
communication among each level of porosity. 
 
 
 
 Figure 1.6 A dual templating approach to obtain trimodal hierarchical porous materials, 
(A) Hybrid material (silica: gray; polymer colloid: blue; BC micelle: dark blue; LC 
micelle: red). (B) Corresponding silica material after calcination or extraction of the three 
templates (Reprinted from ref 101 with kind permission from American Chemical Society. 
Copyright 2006.)
101
 
 
1.5.2 Porous material employment 
     This strategy is to use existing unimodal porous material as building blocks to 
assemble multimodal porous materials as shown in Figure 1.5 (B). Mesoporous particles 
have the mesoporosity in themselves, and their particle size can be used to generate 
secondary pores.
99,102
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1.5.3 Templating method combined with other chemical or physical methods 
 Sol-Gel method combined with templating 
      One commonly used method to prepare porous materials (typically micro- and 
mesopore) in forms such as films, powders, and monoliths utilizes the sol-gel process.
103
 
When merged with templating, materials with tailorable multimodal pore sizes and 
specific morphologies and characteristics can be easily prepared.
104
 The sol-gel process 
can be used to synthesize metal- and semimetal oxides using metal- or semi-metal 
alkoxides as precursors, with silica being the most extensively studied material.
105
 The 
sol-gel method starts with the hydrolysis of precursors catalyzed by acid or base, and 
leads to the formation of Si-O-Si through polycondensation to gradually form a 3D 
network. The method is based on the sol-gel phase transformation. A sol will gradually 
polymerize (condense) to form a wet gel. Further condensation will result in an inorganic 
metal oxide material such as glass, polycrystals or a dry gel.
105
 
     Sol-gel methods are advantageous in their versatility, cheapness and the fine control of 
the product’s chemical composition.106,107 Various dopants, such as dyes, molecules and 
rare earth elements, can be introduced into the sol and dispersed uniformly throughout the 
whole material.
108-110
 Organically modified silanes with various functional groups can be 
used to modify the sol-gel framework and provide binding sites for molecules, 
proteins,
110,111
 etc. The porosity of the material depends on the size and shape of the 
particles formed by condensation, the organization of these particles to form a gel, and 
the gelation process.
112
 When using an organoalkoxysilane, phase separation might also 
lead to the formation of pores of controlled size.
113,114
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Lithography combined with templating 
   Lithography includes photolithography, E-beam lithography, Extreme-UV lithography, 
dip pen nanolithography, soft lithography, etc. The basic principal is a sculpture based on 
a certain pattern defined by masks or predefined shapes. Figure 1.7 is an example of 
templating combined with soft lithography. Porous silica with three-dimensional patterns 
over multiple length scales were prepared by combining micromolding, polystyrene 
sphere templating, and cooperative assembly of silica sol with triblock copolymers.
91
  
 
 
 
 
 
 
 
 
 
 
Figure 1.7 Example of lithography combined with templating (Reprinted from ref 91 
with kind permission from The American Association for the Advancement of Science. 
Copyright 1998.
91
) (A to D) SEM images at different magnifications of hierarchically 
ordered mesoporous silica. A lattice of the macroporous framework skeleton is visible in 
(B) and (D). Pluronic F127 block copolymer was used as the structure-directing agent.  
 
Other methods combined with templating 
Dealloying, nanocasting, and electrodeposition have been combined with templating to 
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generate multimodal porous structures.
100,115,116
 
1.5.4 Other strategies 
Phase separation Phase separation is a process in which a mixture separates into more 
than two phases. The phase separation strategy can be applied to liquids or solids. One 
example is polymerization induced phase separation copolymer. Sol-gel chemistry 
sometimes also includes phase separation.
113,114,117
 After the separation, one or more 
phases are then selectively removed to generate pores through the matrix. The way of 
phase removal, also called post treatment, includes chemical etching, physical etching etc. 
1.6 Potential applications of hierarchical porous material  
Different pore sizes coupled in a single material are supposed to perform different 
functions in a hierarchically porous structure. The communication between the various 
levels of pores is through the interconnected windows, which is vital to optimize the 
benefits of hierarchy and material functions. Transport of active species to the internal 
surface can be enhanced by hierarchically assembling the pores, which is supposed to 
provide a more efficient performance than traditional porous structures.  
1.6.1 Catalysts and sensors.  Hollow structures have shown improved performance as 
catalysts and sensors.
79,118,119
 High surface areas and large surface-to-volume ratio 
contribute to high catalytic and sensing activity. Porous metal electrodes with a very high 
active surface area show current up to three orders–of-magnitude higher than those of flat 
electrodes for some redox active species.
120
 However, an increase in surface area does not 
necessarily lead to current amplification if the molecules cannot explore the inner surface 
of the electrode.
121
 Thus, it is important that the material have a high surface area but also 
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open paths for a molecule in solution to access the inner surface.  Hierarchically porous 
structures have both of these features and, as a result, have the potential to amplify the 
current, enhance the sensitivity and lower the limit of detection (LOD) of such. Another 
potential advantage of such hierarchical structures is that multistep catalysis, or catalysis 
and separation can be done in one material by combining several functions together. This 
greatly improves efficiency and reduces cost.  
1.6.2 Separation. Multimodal porous materials have been shown to exhibit excellent size 
selectivity for the adsorption of proteins in a solution of bovine serum albumin (BSA) 
and cytochrome c. As shown in Figure 1.8, the width of band 2 in area c is reduced 
compared with that observed in areas a and b, indicating a large adsorption capacity of 
the hierarchically ordered porous silica with macropore entrance for BSA. For 
cytochrome c, however, there is no clear difference. Another example is the application 
of hierarchical porous materials as a high performance liquid chromatography stationary 
phase.  For example, a C-18-grafted silica monolith was investigated for the separation of 
aromatic molecules.
113,122
 These hierarchical porous structures are potentially useful in 
selective adsorption and separation of biomolecules. 
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Figure 1.8 Hierarchically ordered macro-/mesoporous silica monolith for size-selective 
adsorption of proteins (Reprinted from ref 123 with kind permission from American 
Chemical Society. Copyright 2011.
123
) SDS-polyacrylamide gel electrophoresis analysis 
results of (a) the mixture solution containing BSA and cytochrome c before the 
adsorption, (b) the mixed solution after the adsorption by the sample hierarchically 
ordered porous silica monoliths without macropore entrance, and (c) hierarchically 
ordered porous silica monoliths with 50 nm size macropore entrance. 
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1.6.3 Drug delivery.  Hierarchical porous materials are attractive vehicles for drug 
delivery not only because of their high surface area, but also their intrinsic structures and 
facile surface functionalization.
124
 Generally, there are two means for drug release: burst 
release and sustained release. Burst release can be achieved by degradation of the carrier 
triggered by an external stimulus.
125
 Sustained release can be achieved by either slow 
diffusion of the therapeutic molecules through an increasingly permeable wall.
126-128
 A 
hierarchical porous structure can use macropores for drug storage and mesoporous or 
microporous walls to control the drug release. Porous capsules are an ideal example. 
Hierarchically porous hollow spheres are very promising for applications in drug delivery.  
1.6.4 Superhydrophobic surfaces and biomimetic. Structures with hierarchical features 
have been shown to be superhydrophobic in many studies.
129
 Hydrophobic surfaces with 
bimodal roughness that mimics the lotus leaf structure are a well-known 
superhydrophobic example. Hierarchical micro/nanoparticle arrays made by lithography 
have also been shown to exhibit superhydrophobicity.
130,131
 There are also applications on 
the transition from superhydrophobic to superhydrophilic on hierarchical porous 
structured surfaces. Hierarchical porous materials are also fabricated for biomimic or for 
artificial products, such as bone tissue engineering.
132
 
1.6.5 Other potential applications. The applications are not limited within those 
applications mentioned above. There is more research on energy storage
38,133
 , surface 
enhanced  Raman scattering
134
, photoelectrochemical properties
135
, etc. More 
applications of conventional porous material applications might be improved with the 
enhanced diffusion into the porous structure.  
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 1.7 Summary of Objectives:  
       Research on hierarchical hollow structures is still in its infancy and considerably 
more work still needs to be done. To systematically study the relationship between 
structure and performance as well as to broaden the applications of those structures, it is 
important to develop general strategies with fewer synthetic steps to obtain high quality 
and high yield products. To obtain high quality hierarchically porous structures, it is 
important to precisely control the size and shape of the pores, interconnected areas, and 
composition uniformity throughout the material. With control over the synthesis of these 
structures, it will be possible to thoroughly study their use in applications that require 
minimal diffusion resistance and improved accessibility to interior surfaces. 
      The overall goal of this dissertation work is to develop general synthetic approaches 
to prepare multimodal porous materials with well-defined architectures for various 
applications. It is a general strategy to use self-assembled colloidal crystals as templates 
to prepare various porous materials. In this project, we will develop hierarchical 
templates which can be assembled and packed into 2D and 3D structures in a similar 
fashion as conventional colloidal (latex) beads.  Many of the existing strategies that 
employ latex spheres to prepare high surface area, porous materials can be easily adapted 
to make hierarchical porous materials. The materials synthesized in this dissertation 
include multimodal porous silica, bimodal porous thin films and silica porous capsules. 
Some key objectives of this dissertation work are:   
(a) Fabricate well-defined size tunable hierarchical templates 
(b) Pack the hierarchical templates into 2D and 3D structures. 
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(c) Create the porous framework around these hierarchical templates 
(d) Fully characterize all the multimodal porous materials fabricated in this work  
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Chapter 2 Characterization techniques 
2.1 Introduction  
   Characterization of the porous materials fabricated in this work includes both 
morphology and porosity. In this chapter, scanning electron microscopy and atomic force 
microscopy were used to evaluate surface morphology. Transmission electron 
microscopy and scanning transmission microscopy were employed to study the hollow 
architectures. Gas adsorption and mercury intrusion were used to characterize the 
porosity of the silica monoliths prepared in this investigation. In addition, x-ray 
photoelectron spectroscopy and electrochemical methods were used in the 
characterization of the gold electrodes made in this investigation. 
2.2 Transmission Electron Microscopy (TEM)  
   Transmission electron microscopy (TEM)
136
 was used in this work to study the hollow 
structures, specifically the porous silica monolith fractures reported in chapter 4 and the 
hollow capsules described in chapter 6. Electron microscopy techniques employ a high 
energy electron beam, which requires the entire system to be under high vacuum to 
prevent beam scattering that will result in noise and a loss in resolution. The beam is 
accelerated by a high voltage and focused by several mechanical and electromagnetic 
lenses before being directed onto the sample surface. The high energy electron beam 
focused on the samples will be blocked or adsorbed when sample particles or solid 
structures are in the way.  In typical TEM images, the hollow structures thus appear 
bright in color while the solid structures appear dark, depending on the extent that the 
electrons penetrate the structure and are detected by the detector located beneath the 
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sample. The imaging mechanism is similar to optical microscopy. Instead of using a light 
source, an electron beam is used as the source.
137
 In this work, transmission electron 
microscopy (TEM) images were acquired with a JEOL Model 2010 transmission electron 
microscope with an accelerating voltage of 200 kV and a charge-coupled device (CCD) 
camera for image display. For TEM sample preparation, it is critical to make really thin 
samples, or small pieces, but there is no requirement for sample conductivity. For bulk 
sample or fragile sample preparation, a microtome is normally used to obtain a really thin 
specium buried in a polymer resin. In this work, the samples were prepared via sonication 
in methanol for few minutes after which they were cast onto carbon-coated Cu TEM 
grids and evaporated naturally.  
 
Figure 2.1 Schematic image of the components of a transmission electron microscope. 
(http://universe-review.ca/R11-13-microscopes.htm) 
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2.3 X-ray Photoelectron Spectroscopy (XPS)  
    X-ray photoelectron spectroscopy (XPS) was used in this work to determine the 
elemental composition on the surface of the gold electrodes made in this work in chapter 
5. In XPS, incoming X-ray photons can remove an inner shell electron from an atom and 
the kinetic energy of the leaving electron measured.  The binding energy (Ebinding) is 
calculated using the following equation where the binding energy equals the incoming 
photon energy minus the kinetic energy of the leaving electron.
138
 
Ebinding = Ephoton – Ekinetic            (1) 
Because the binding energy for different elements are characteristic of that element, 
information about the elemental composition of the top 7-10 nm of a surface can be 
determined using this technique. XPS can measure the elemental composition, empirical 
formula, chemical state and electronic state of elements located on the surface of the 
material.
138
 Binding energy in the energy range of 0 - 1400 eV can be measured. By using 
a database of binding energies, it is possible to identify the composition of a sample. All 
XPS analysis done for this work was performed at the VCU Nanomaterials 
Characterization Center (NCC). X-ray photoelectron spectroscopy (XPS) was performed 
on a Thermo Scientific ESCALAB 250 microprobe with a focused monochromatic Al Kα 
x-ray (1486.6 eV) source and a 180° hemispherical analyzer with a 6-element 
multichannel detector. The main parts of the XPS instrument are X-ray source, electron 
collection lens, electron energy analyzer, electron detector, and high vacuum system. The 
aliphatic hydrocarbon C 1s peak at 284.6 eV was used to calibrate the spectra. For survey 
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scans, a pass energy of 150 eV was used while for element specific individual scans a 
pass energy of 50 eV was used.  In both cases, a step size of 0.100 eV was used. The 
advantage of this technique is its sensitivity and the ability to obtain both quantitative and 
qualitative data.
139
 Because of that, XPS has been widely used to estimate chemical 
formulas. The drawbacks of XPS are that it is relatively expensive, utilizes a high energy 
beam, and requires a high vacuum. Also, XPS analysis works better with uniform and flat 
surfaces. For rough surfaces, the information collected can be partially missing because 
parts of the surface can be inaccessible by the X-rays.  There have been many studies on 
how to adjust the data for regular shaped surfaces,
140
 but for real analysis, rough surfaces 
rarely have ordered regular shapes. 
 
Figure 2.2 X-ray photoelectron spectroscopy theoretical background. The incoming X-
ray knocks out an inner layer electron; the kinetic energy of the leaving electron equals 
the X-ray energy minus the binding energy. 
 
2.4 Scanning Electron Microscopy (SEM)  
Scanning Electron Microscopy (SEM)
141
 was used to characterize all the template and 
hierarchical porous structure morphologies made in this work. SEM images are acquired 
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by bombarding a focused high energy electron beam on a sample and collecting the 
secondary electrons emitted from the surface of the sample. There are two types of SEM 
emitters that are typically used, field emission guns that use single crystal tungsten as the 
emitter, and those using lanthanum hexaboride cathodes. The beam is focused by 
mechanical and electromagnetic lenses just like the TEM beam. The SEM analysis done 
for this work was performed with two instruments, a Hitach SU 70 and a Zeiss EVO 50 
XVP.  To acquire SEM images of sufficient quality, the samples must be electrically 
conductive to prevent the surface charging. In some environmental SEM instruments, the 
sample does not necessarily have to be conductive or imaged under a high vacuum, but 
resolution is sacrificed. Nonconductive samples were made conductive by sputtering a 
thin layer of metal, alloy or carbon on the surface prior to use.  
     When the electron beam bombards the sample surface, most of the electrons penetrate 
within a certain depth into the sample surface and interact with the sample atoms and 
become scattered.
141
 These electrons gradually lose their energy as the interaction keeps 
going between the electrons and different sample atoms. Secondary electrons (SE), 
backscattered electrons (BSE), cathodoluminescence (CL), continuum x-ray radiation 
(bremsstrahlung), characteristic x-ray radiation, and phonons (heat) are generated from 
the surface.
141
 Secondary electron collection by detectors provides the SEM images. 
Backscattered electron can provide information on different phases, so in a typical 
backscattered image, the color difference results from different phases. X-ray radiation 
generated can be used for element analysis by energy–dispersive X-ray spectroscopy 
(EDS) which is normally a part of an SEM instrument.  Principally, the background 
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theory is similar to XPS, where the binding energy equals the energy of the incoming 
electron minus the energy of the X-ray radiated.  
 
Figure 2.3 Illustration of radiation and electrons generated when the electron beam 
bombards the sample surface.
141
 
The scanning transmission electron microscope (STEM) images were also collected by 
the Hitachi SEM at a 30V voltage with the detector below the sample. The sample 
powder was dispersed on a copper grid just like was done for the TEM samples. STEM 
images are composed of both SEM and TEM images. The SEM image is generated by the 
secondary electrons ejected from the sample surface, while the TEM image is obtained by 
electrons transmitted through the sample. STEM can provide information on the surface 
morphology of a sample (from SEM image) and information about the inner hollow 
structure of the same area from the TEM image.
142
 STEM thus provides more 
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information about the whole sample architecture. Compared with TEM, STEM uses a 
much lower accelerating voltage (about 30KV in our instrument), thus the images 
obtained are not as clear as TEM images collected on a TEM instrument. 
  
Figure 2.4 Illustration of the components of a scanning electron microscope.
141
  
 
2.5 Atomic Force Microscopy (AFM)  
    Atomic Force Microscopy (AFM) provides information about the surface topography. 
In this technique, a constant force or wave amplitude is maintained by adjusting the 
distance between the AFM tip and sample surface. The movement of the tip/sample can 
then be recorded by a laser reflection onto a detector screen to generate a topographical 
image.
143
 In this work, the AFM was used to image the top surface of the hierarchical 
template and the pore size in the silica capsules described in chapter 6. The resolution of 
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an AFM image depends on the sharpness of the AFM tip. The advantages of AFM are 
that it can provide information about the height or depth of a structure, surface roughness, 
it can generate 3D images and does not require a vacuum.  Its disadvantages relative to 
SEM are that AFM scans can be time consuming and it can be challenging to obtain large 
area images of very rough surfaces. The two most often used AFM modes are tapping 
mode and contact mode. For contact mode, a constant force between the tip and the 
sample surface is kept while the position of the tip relative to the sample surface adjusted 
by the piezoelectric actuator stage. As a result, the cantilever bends which will result in 
the change of laser reflection direction.
144
 From the position of the reflected laser light on 
the detector screen, the morphology of the surface can be obtained. For tapping mode, the 
cantilever is oscillating at a certain frequency. As the cantilever is scanned over the 
sample and the tip comes close to the surface, the amplitude of this oscillation decreases 
due to the intermolecular forces acting on the cantilever. The piezo stage adjusts the 
relative height to maintain the cantilever oscillation amplitude. Thus a tapping mode 
image can be recorded. For soft materials, or biomaterials, tapping mode should be used 
because the tip might damage the sample surface in contact mode.  In this work, the 
templates and capsule samples were imaged using an atomic force microscope (AFM, 
Digital Instruments, Nanoscope IIIa) in the tapping mode with silicon nitride tips 
(Nanoscience Instruments). The data are shown in chapter 6.  
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Figure 2.5 Illustration of the components of an atomic force microscope. 
2.6 Gas Adsorption analysis  
   Gas adsorption analysis is customarily used to measure the surface area and porosity of 
high surface area materials. An adsorption isotherm obtained from the analysis is a plot of 
surface coverage of adsorbate versus relative gas pressure at a constant temperature. This 
technique is most often used for mesoporous and microporous materials, but it can also 
be used for macroporous materials. Normally the analyzing temperature is 77 K by liquid 
nitrogen and the adsorbate is nitrogen. The nitrogen will be adsorbed along the entire 
surface first, and then physical adsorption of multiple layers of gas molecules will form 
as the nitrogen pressure increases. A langmuir isotherm is used to describe monolayer 
adsorption (chemical adsorption) of gas on a solid surface while BET is for multilayer 
adsorption (physical adsorption).
145
 Each category of porous materials has a characteristic 
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isotherm curve. Microporous material will show a significant increase at very low 
pressure. Mesoporous material will have a characteristic hysteresis between adsorption 
and desorption branches. Macroporous materials only show significant increase at high 
relative pressure.
145
 In this work, to evaluate the porosity and pore interconnectivity, 
particularly mesoporosity, N2 sorption experiments were conducted with a Quantachrome 
Autosorb 1 MP analyzer with an equilibration time of 3 min. Samples were outgassed at 
120
o
 C overnight. The data is shown in chapter 4. In a typical nitrogen adsorption 
isotherm curve, the desorption branch is used to calculate the internal surface area per 
unit mass. Pore size distribution can be calculated from the isotherm. 
2.7 Mercury intrusion porosimetry 
Mercury intrusion porosimetry provides information of the distribution of pore sizes in 
cement-based materials.
146
 Mercury is a non-wetting liquid with a contact angle greater 
than 90°. So unlike other wettable liquids that will be sucked into the pores by capillary 
force, it will only intrude pores under pressure. Mercury is forced into the porous 
structure under a gradually increasing pressure.
146
 The relationship between the pressure 
and capillary diameter is described as: 
                                  P = -4cosd            (2), 
where P is pressure,  is the surface tension of the liquid, 
 is the contact angle of the liquid, and d  is the diameter of the capillary.147 
Based on the pressure change, the pore size distribution and interconnectivity can be 
obtained. The intrusion of mercury can give information about the interconnected 
windows between the pores. But it has limitations when applied to materials that have 
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irregular pore geometry. For these systems that have large internal pores accessed by very 
narrow “bottlenecks”, the MIP technique take the size of these bottlenecks as the 
diameter of the internal pores, which is considered an unavoidable limitation referred to 
as the "ink bottle" effect.
148
 
Another drawback of this technique is the toxicity of mercury, and that is why this 
technique is not widely used. However, this method is more ideally suited for the study of 
macroporous materials providing the porous material being studied has enough 
mechanical strength to survive the high pressure of mercury during analysis. After the 
analysis, the sample is not reusable due to the mercury residual contamination. In this 
work, the samples of hierarchical porous silica monolith powders were sent out to PMI 
Company (Porous Materials, Inc.) for analysis. The original purpose of collecting this 
data was to study the interconnected part between the pores and obtain the pore size 
distribution of the sample. The data are shown in chapter 4. 
 2.8 Electrochemical studies   
Electrochemical measurements were performed with a BAS 100 potentiostat using a 
Ag/AgCl (3.5 M KCl) reference electrode and a Pt auxiliary electrode in a one-chamber 
three arm electrochemical cell. For electrochemical comparison, some of the experiments 
were performed using a 1001A multichannel CH instrument. In a multichannel 
instrument, six working electrodes, one reference electrode, and one auxiliary electrode 
are placed in an electrochemical cell containing the solution of interest (e.g. supporting 
electrolyte or redox couple in supporting electrolyte). By having all the electrodes in the 
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same solution simultaneously, comparisons 
between different electrodes become more 
straightforward. In addition, the experiments 
take a lot less time. 
2.8.1 Cyclic Voltammetry  
      Cyclic voltammetry is one of the mostly 
used methods for electrochemical 
characterization. CV is traditionally 
undertaken in a three-electrode cell with a 
working electrode, a counter electrode 
(auxiliary electrode), and a reference 
electrode. The potential is defined based on 
the potential difference between 
working electrode and reference 
electrode, while current is measured 
between the working electrode and the 
counter electrode. Reference electrodes 
normally have very stable potential, 
such as Ag/AgCl, or saturated calomel 
electrode (SCE). Counter electrodes are 
inert electrodes, such as Pt and carbon. 
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    In a typical cyclic voltammetry study, a cyclic potential scan, Figure 2.7, is applied 
between the working electrode and the reference electrode. The scan rate (V/s) of the 
cyclic voltammetry experiment is the slope of the potential-time curve.
149
 The current 
produced during this potential scan is measured and a cyclic voltammogram curve similar 
to the one shown in Figure 2.8 is obtained. During a CV cycle, a redox couple goes 
through an oxidation and reduction process. Electrolyte in the solution serves to lower the 
resistance of the solution and eliminate migration. Normally it is an inert salt, which 
doesn’t show any Faradaic current during the CV scan; neither does it react with other 
redox species in the solution. 
 
Figure 2.8  A typical cyclic voltammogram of a gold working electrode in 1 mM 
FcCH2OH/ 0.1 M KCl solution at 0.1 V/s scan rate. 
38 
 
Important information can be obtained from a CV, such as the electrode capacitance 
(which is related to the area of the electrode), electron transfer kinetics, concentration of 
the redox molecules in solution and diffusion coefficients.
150-152
 When the redox reaction 
is electrochemically reversible, the peak splitting ideally is 59/n mV, and the cathodic 
current (ipc) and anodic current (ipa) are the same.  The peak current can be calculated by 
the following equation    
ip = (2.69 x 10
5
)n
3/2
AD
1/2
Cv
1/2      
(3) 
 
where the peak current is directly related to the concentration of the redox species (C), 
square root of scan rate (v) and electrode area (A), the number of electrons transferred (n) 
and the diffusion coefficient (D) of the redox species.
149
  
For a redox species that is adsorbed on the electrode and not present in solution, the 
cathodic and anodic peak position for an electrochemicaly reversible redox species 
should be at the same potential and the cathodic peak current and anodic peak current 
should be the same.
149
 The current can be calculated by the equation 
ip = (n
2
F
2
/4RT)vAГ*      (4) 
where the peak current is directly related to the concentration of the total adsorbed redox 
species (Г*), scan rate (v), electrode area (A), and the number of electrons transferred (n). 
The total width at half-height of the cathodic or anodic peak should theoretically be     
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ΔEp,1/2 = 3.53 RT/nF = 90.6/n    (5) 
But the ideal shape rarely is experimentally seen. When there are lateral interactions 
between the adsorbed species, the half-height width of the cathodic or anodic peak will 
not be 90.6/n mV. 
 
Figure 2.9 Cyclic voltammogram for the reduction and subsequent reoxidation of an 
electrochemically reversible adsorbed redox couple. 
2.8.2 Chronoamperometry and Chronopotentiometry 
 
      Chronoamperometry and chronopotentiometry are two other examples of commonly 
used electrochemical techniques. In chronoamperometry, the potential is held at a certain 
value and the current measured as a function of time. In chronopotentiometry, a constant 
current is applied and the potential measured as a function of time.
149
 In this study, the 
ΔEp,1/2
ip
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gold plating (electrodeposition) is performed using both techniques. The electrochemical 
instrument is operated in either the Galvanostat mode to perform chronopotentiometry or 
in a potentiostatic mode when used for chronoamperometry. For metal plating 
applications, galvanostatic deposition is better in generating a fine and smooth 
deposition.  
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Chapter 3 Hierarchical templates 
3.1 Introduction 
The major objective of this study is to make a monodisperse bimodal hard template 
(e.g., a hierarchical template) that is constructed of only one material, can be isolated, and 
ultimately used to construct ordered multimodal porous materials with well-defined 
architecture and interconnected pores using standard template packing procedures.
33,153
  
Part of the material shown in this chapter has been published.
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3.2 Background     
In general, the use of a one-step hard templating method to make hierarchical porous 
materials involves four major steps: (1) preparation of the hierarchical templates; (2) 
packing these templates into 2D or 3D structures; (3) impregnating the array of packed 
templates with the desired precursors; and (4) selective removal of the templates to yield 
hollow multimodal structures for different applications (Fig. 3.1).  
       
 
 
 
 
 
Figure 3.1 The development process of multimodal porous material. 
The use of a single, bimodal template constructed of one material will simplify this 
fabrication process. The advantage of this method is as follows: predefined hierarchical 
Hierarchical 
Template 
Multimodal porous 
structure 
Various 
applications 
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templates, which can be packed into a certain arrangement, can yield a material with 
well-defined bimodal porosity with pore interconnectivity and exquisite control over pore 
size and pore size distribution. The hard templating method is also a well-established 
methodology; various template packing and space filling methods have been reported.
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These methods can be easily adapted and provide many choices for porous material 
fabrication. 
As summarized above, monodispersed hierarchical templates are the first step to the 
preparation of well-defined multimodal porous structure by the hard templating method. 
In this chapter, the fabrication of various hierarchical templates will be discussed. 
Commerically available, uniform polystyrene spheres and silica beads are commonly 
used to make ordered porous structures.
53
 Polystyrene latex spheres with a size range that 
runs from ~ 20 nm to tens of microns with a wide variety of surface functional groups 
can be purchased from Interfacial Dynamics Corporation (http://www.invitrogen.com). 
The individual spheres can be strategically coupled together to form a hierarchical 
template by reacting surface-bound functionalities located on the different spheres.   
    In this work, two types of hierarchical templates were fabricated:  bimodal spheres 
with (1) raspberry-like and (2) strawberry-like morphologies, as shown in Figure 3.2. 
This terminology comes about because in both cases the structures are “aggregates” or 
compound structures just like the raspberry and strawberry are considered to be examples 
of aggregate fruits composed of appendages that are either fruit (in the case of a raspberry) 
or seeds partially coating and dispersed around the fruit (in the case of a strawberry).  
Raspberry-like particles reported in the literature have been prepared via emulsion 
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polymerization, heterocoagulation, templating, layer-by-layer assembly, and chemical 
bonding.
98,156-166
  In addition, particles with more exotic shapes such as daisy-like, 
snowman-like, and currant-bun-like have also been reported.
167-173
 In most examples, the 
composite particles were constructed from two different materials, typically a polymer 
core with silica particles forming the secondary (satellite) spheres.  There have also been 
examples where the core/shell have been polymer/polymer, inorganic/polymer, and 
polymer/biological.
174,175
  Because of their rough surface morphology, these organic-
inorganic composite particles have been particularly successful in the construction of 
superhydrophobic/superhydrophilic surfaces.
156,160,165,166
  Likewise, capsules (hollow 
spheres) have also been formed from such composite particles.
96,98,176
 
 
 
 
 
 
 
Figure 3.2 Schematic images of hierarchical templates. (a) raspberry-like template and (b) 
strawberry-like template. 
 
 In this work, the raspberry-like and strawberry-like templates were prepared by 
synthetically joining appropriately functionalized commercially available polystyrene (PS) 
latex spheres together.  Two different coupling reactions were used to form the 
hierarchical templates:  carbodiimide-assisted coupling of COOH groups with NH2 
groups and base-assisted coupling of epoxy groups with NH2 groups. The size and 
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morphology of the hierarchical template is defined by varying the sizes of both the "core" 
and the "satellite" spheres, as well as altering the coverage of "satellites" on the "core".  
Because the hierarchical template is composed of only one material (e.g., polystyrene), it 
can be easily removed from the matrix in one step leaving its imprint in the material host.  
3.3 Coupling mechanisms 
    Three coupling reactions can be considered as a means to make the hierarchical latex 
sphere: the coupling reaction between NH2 and COOH, NH2 and COH, and epoxy and 
NH2 (Figure 3.3).   The mechanisms are as follows: 
    For the NH2 coupling reaction with COOH (Fig 3.3 a), the carboxyl is first activated 
by EDC to form an unstable reactive o-acylisourea intermediate, then the intermediate 
reacts with amine to form a stable amide bond.
177,178
 When NHS is present in the solution, 
it further interacts with the intermediate to form a semi-stable amine-reactive NHS-ester. 
Since the stability of intermediate is improved, the coupling efficiency can be 
significantly increased (up to 90 % efficiency has been reported).
179,180 
 
For the NH2 coupling reaction with COH (Figure 3.3 b), H
+
 works as a catalyst. In the 
first step, H
+
 forms a bond with the carbonyl oxygen, which leaves a positive charge on 
the carbonyl carbon. The NH2 acts as a nucleophile and will attack the positively charged 
carbon to form a bond between N and C. By losing H
+
, the whole structure becomes 
neutral again.
181
  The structure might be rearranged into an N=C double bond after H
+ 
removed the OH group. 
For the NH2, the coupling reaction with epoxy under basic conditions (Figure 3.3 c), a 
ring opening nucleophilic attack happens to form a secondary amine bond.
181
 Other 
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coupling reactions could also be considered, but these three types are the easiest 
considering the commercial availability of the PS spheres with either COH, NH2 or 
COOH functional groups.  
 
    
Figure 3.3 Reaction mechanisms (a) Carbodiimide-Amine (EDC) (b) Aldehyde-Amine 
(c) Epoxy-Amine. 
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The size ratio of the core sphere to the satellite spheres influences the stability of the 
template suspension. A larger size ratio will result in a better coverage of satellites on the 
core giving a hierarchical template that will be either positively or negatively charged. 
When the satellite spheres are large, the satellites will not completely cover the core, 
which will result in the presence of both positive and negative charges on the template 
surface leading to aggregation.  Also, a large size difference between the core and the 
satellite can make the separation of template from the original mixture easier. For all the 
different types of coupling used to make hierarchical templates, it is important that the 
satellites are in excess and the overall surface charge on the core and the satellites 
opposite.  
For the coupling of NH2 with epoxy, it is easier to obtain complete coverage of 
satellites on the core since this reaction has higher yield because it is a one-step reaction 
and the steric effect for NH2 to attack a β carbon is lower (see Figure 3.3). In the COOH-
NH2 reaction, EDC is not very stable and needs to be used right after the solution 
preparation.  The coupling between the core and the satellites has to be one way. For 
example, the 340 nm NH2 spheres contain both NH2 and a small amount of COOH 
groups on their surfaces. When the coupling begins, aggregation takes place between the 
core and the satellites, but also among satellites. Ionic strength also influences the extent 
of aggregation.  If the salt concentration in the reaction solution is too high, it will reduce 
the interaction of charges, thus affecting the uniform distribution of cores and satellites in 
the solution. The different types and sizes hierarchical templates that have been prepared 
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and characterized are listed in Table 3.1. The coverage and dispersity of those templates 
are directly related to the size ratio of the core and satellite spheres, and the number of 
surface functional groups. 
Table 3.1 Table of various hierarchical templates that have been fabricated and their 
features. 
 
Hierarchical templates 
(core-satellites) 
Features 
1500 / 110 nm COOH-NH2 Good coverage, dispersed well in acetic acid not in water. 
450 / 80 nm COOH-NH2 Poor coverage, dispersed well in acetic acid not in water, 
dimers, and trimers happens. 
1500 /340 nm COOH- NH2 Severe aggregation, polymers 
1200 / 450 nm NH2-COOH Very poor coverage, pretty bad aggregation, polymers. 
1200 / 60 nm NH2- epoxy Good coverage, dispersed well in water. Monodispersed. 
1200 / 29 nm NH2- epoxy Good coverage, dispersed well in water. Monodispersed. 
710 / 60 nm NH2- epoxy Good coverage, dispersed well in water. Monodispersed. 
710 / 29 nm NH2- epoxy Good coverage, dispersed well in water. Monodispersed. 
340 /29 nm NH2- epoxy Good coverage, dispersed well in water. Aggregation 
happens. 
  
3.4 Template fabrication 
Reagents and chemicals. N-(3-Dimethylaminopropyl)-N’-ethyl-carbodiimde 
hydrochloride (EDC, protein seq. grade), N-Hydroxy-succinimide (NHS, 98 %) and 
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Triton X-100 were purchased from Aldrich. Aqueous suspensions of polystyrene 
microspheres functionalized by either carboxylates or amines or epoxy/sulfate with 
diameters ranging from 20 nm to 1.5 μm were obtained from Invitrogen (formally 
Interfacial Dynamics Coorporation (IDC), 4.1 wt/v% for COOH-PS, 2.1 wt/v% for NH2-
PS, and 4.1 wt/v% for PS-Epoxy/Sulfate). The PS-NH2 latex spheres contained no 
COOH groups.  Water was purified with a Millipore water purification system. 
Instrumentation.  Scanning electron microscopy (SEM) was conducted on a 
ZEISS/LEO under high vacuum condition.  Atomic force microscopy (AFM) was 
performed at a Veeco Multi-mode AFM in the tapping mode with conventional tips. 
    Hierarchical templates were prepared by synthetically joining appropriately 
functionalized commercially available polystyrene latex spheres together using two 
different coupling reactions:  carbodiimide assisted coupling of COOH groups with NH2 
groups and the base-assisted coupling of epoxy groups with NH2 groups.  These 
hierarchical latex spheres are referred to as being “raspberry”-like or “strawberry”-like 
depending on the number density of the “satellite” spheres surrounding the central 
“core”.   
3.4.1 Raspberry-like hierarchical template synthesis.  Two different sized “raspberry-
like” templates were prepared by coupling NH2 groups with COOH groups:  one with a 
450 nm core and 80 nm satellites and another with a 1500 nm core and 110 nm satellites.  
Polystyrene microspheres (80 or 110 nm diameter of PS-NH2; 450 or 1500 nm diameter 
of PS-COOH) were sonicated 10 min before use.  An excess amount of PS-NH2 spheres 
(1.2 mL for 1500/110 nm template; 0.5 mL for 450/80 nm template) were dispersed in 
49 
 
MOPS buffer (3-[N-Morpholino]propanesulfonic acid, pH = 6, 0.025 M) and then the 
PS-COOH spheres (1.0 mL for 1500/110 nm template; 0.15 mL for 450/80 nm template) 
were added to the solution.  This suspension was sonicated for ~ 10 min to completely 
mix the spheres.  Because of the electrostatic force and the presence of excess PS-NH2 
spheres, each negatively charged PS-COOH was surrounded by positively charged PS-
NH2 spheres.  EDC/NHS (0.1 g EDC/0.03 g NHS in 10 mL of MOPS buffer (pH = 6.4, 
0.025 M) for the 1500/110 nm template; 0.03 g EDC/0.01 g NHS in 2 mL of MOPS 
buffer for the 450/80 nm template) was added to the mixture followed by slow rotation 
for 24 h.  The colloidal solutions were centrifuged and washed with diluted acetic acid 
(1:1) several times to remove the excess small spheres. In this work, hierarchical spheres 
with core/satellite diameters of 1500/110 nm, 450/80 nm for COOH-NH2 type, 340/29 
nm, 710/29 nm, 710/60nm, 1200/29 nm and 1200/60 nm for NH2-epoxy type were made.  
These templates were isolated by centrifugation and later used to prepare hierarchical 
porous structure. 
3.4.2 Strawberry-like hierarchical template synthesis 
“Strawberry-like” templates were also prepared using a similar coupling strategy 
but with a different solvent system.  In this case, the PS-NH2 (110 nm) and PS-COOH 
(1500 nm) spheres were dispersed in a mixture of Triton X-100 in ethanol (0.05%, 1%, 
10%, or 30% by weight).  Triton X-100 is a nonionic viscous surfactant. The different 
amounts of Triton X-100 in ethanol change the viscosity of the coupling solution and thus 
influence the reaction rate. Hence the coupling efficiency was indirectly slowed down. 
After washing/centrifugation, the templates were re-dispersed and incubated for 1 h in the 
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Sulfo-NHS-acetate/phosphate buffer (pH = 7.5, 0.1 M) solution to block the remaining 
reactive amines and help prevent aggregation.  For the epoxy-amine coupling reaction, an 
excess amount of satellite spheres (29 nm PS-Epoxy/Sulfate, 500 µL) was diluted with 
deionized water (500 µL).  The core spheres (PS-NH2, 340 or 1200 nm, 200 µL) were 
then added and the resulting solution was sonicated for 10 min.  The pH of the solution 
was increased to 10 via the addition of Na2CO3 buffer solution (pH = 10, 0.1 M) and the 
coupling reaction allowed to proceed for 24 hours.  The reaction was terminated by the 
addition of HCl drop wise until the pH = 7.  The templates were separated from the 
reaction solution by centrifugation and washed thoroughly with water several times.   
     Figure 3.4 shows simplified reactions schemes for the preparation of raspberry-like 
and strawberry-like hierarchical templates using these two coupling methods.  The 
carbodiimide assisted coupling of PS-COOH with PS-NH2 requires that the PS-NH2 latex 
spheres not contain surface COOH groups as these residual groups are still reactive and 
could couple with other PS-NH2 resulting in agglomeration/aggregation.  For the base-
assisted coupling of epoxy groups, it is not critical that the PS-NH2 spheres be free from 
COOH groups and thus it provides more flexibility in the size of the core because most 
commercially available batches of PS-NH2 latex spheres contain COOH groups. (Lack of 
NH2-PS spheres may result in particle aggregation, because a single NH2-PS sphere can 
react with more than one COOH-PS sphere). One of the advantages that this approach 
provides is simplicity in that only one template is needed in contrast to combining two or 
more different templates.
182
 The different post-treatments (chemical etching or thermal 
heat-treatment) must then be used to render the multimodal porosities in the final 
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products in those materials, which can complicate the chemistry. Having one hierarchical 
template that is made completely out of polystyrene allows flexibility in removal via 
calcination or solvent exchange.   
 
 
Figure 3.4  Simplified reaction schemes for the preparation of (A) raspberry-like 
hierarchical spheres and (B) strawberry-like hierarchical spheres via carbodiimide 
chemistry and (C) raspberry-like hierarchical spheres via epoxy chemistry. 
 
3.5 Separation of hierarchical templates.  
    The separation of the as-formed composite particles from the excess satellite spheres is 
very important for their later utilization as templates to make hierarchical porous 
materials (thin films, monoliths, powders, capsules).  This required multiple 
12h wash
PS-NH2
centrifugesonicate EDC/NHS
+ Triton X / EtOH 
EDCsonicate
PS-COOH
PS-NH2
0.05%wt   
1%wt  
10%wt    
...
block NH2
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(B) 
(C)  
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centrifugation/washing steps. For the carboxyl-amine coupled templates, we found that 
dilute acetic acid worked well as the solvent. The reasons why diluted acetic acid (1:1 
ratio) was used in the preparation of carboxyl-amine coupling templates is as follows: 
First, acetic acid can protonate the amine groups on the surface of the raspberry-like 
template. Because the templates have positive charges on their surface, they repel each 
other to prevent agglomeration. Thus, the extra satellite spheres can be separated from the 
templates. Second, acetic acid is a good solvent for both organic and inorganic materials, 
and it wets the hydrophobic polystyrene surfaces well. When other acidic solvents were 
used, the dispersion was bad (e.g. HCl of the same concentration or pH value), which 
indicates that it is not due to the pH value or salt effect alone. Third, the density of pure 
acetic acid is 1.049 g/mL (Fisher Scientific MSDS), which is pretty close to the density of 
polystyrene 1.055 g/mL (Invitrogen MSDS of the polystyrene spheres). When 
concentrated acetic acid was used, long centrifuge times were needed for the templates to 
settle; so a dilute solution was used. In later work, concentrated acetic acid was used to 
pack the template.  In this case, a relatively stable colloidal template solution (templates 
won't settle by gravity before the evaporation due to the close densities) is required. For 
the epoxy-amine coupled templates, water can be used in the washing/centrifugation 
steps as the spheres are stabilized with surface sulfate groups present on the PS-
Epoxy/Sulfate satellite surface.  
 
 
3.6 Characterization 
 Figures 3.5 and Figure 3.6 show SEM images of several different sizes of the 
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hierarchical templates prepared using the coupling reactions depicted in Figure 3.3.  
Since the templates are made by chemically bonding PS spheres together, both the "core" 
and "satellite" spheres can be different sizes.  We can very easily change the core and 
satellite sizes as needed for the design of that optimal hierarchical material with the 
correct balance of macroporosity (defined by core sphere) and sub-macroporosity or 
mesoporosity (defined by the size of the satellites).  In Fig. 3.5, hierarchical templates 
with 340/29 nm, 710/29 nm, 710/60 nm, 1200/29 nm and 1200/60 nm core/satellite by 
epoxy/NH2 coupling are shown whereas in Fig. 3.6, hierarchical templates with 1500/110 
nm and 450/80 nm core/satellite prepared by COOH/NH2 coupling are shown. When the 
hierarchical templates are properly washed/centrifuged, monodispersity is good 
(estimated to better than ~ 90% from SEM images). 
 
Figure 3.5 SEM images of raspberry-like hierarchical templates (A) 340 nm/29 nm 
templates, (B) 710 nm/29 nm templates (C) 710 nm/60 nm (D) 1200 nm/29 nm (E) 1200 
nm/60 nm prepared by coupling PS-NH2 spheres with PS-Epoxy/Sulfate spheres. 
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Figure 3.6 SEM images of raspberry-like hierarchical templates (A) 450 nm/80 nm 
templates, (B) 1500 nm/110 nm templates prepared by coupling PS-COOH spheres with 
PS-NH2 spheres. Insets are the blowups of each template. 
 
    For the epoxy-amine coupling, an excess amount of satellite spheres was dispersed in 
deionized water followed by the addition of the core spheres. The epoxy spheres used 
here have many SO4
2- 
groups on its surface, thus they disperse well in aqueous solution. 
In a pH = 7 solution, each of the positively charged NH2-PS spheres are surrounded by 
the negatively charged epoxy-PS spheres due to electrostatics. After the spheres are well 
dispersed in solution, the pH of the solution is increased to pH=10 via the addition of 
Na2CO3 to the system. After mixing and coupling for 24 h, the raspberry templates were 
obtained. By slowing down the coupling process via pH, control over the coverage can be 
achieved. As described above for the raspberry-shaped templates, the hierarchical 
templates were then separated from the extra NH2-PS spheres via successive 
washing/centrifuge steps. The templates were redispersed and incubated for 3-4 h in the 
Sulfo-NHS-acetate/ PBS solution to block the amines. This step is not necessary when 
the satellites can totally cover the core sphere, otherwise it is needed to remove the 
positive charge on the templates to make them more stable in the solution. 
(A) (B) 
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    Since the templates are made by chemically bonding PS spheres together, both the 
"core" and "satellite" spheres can be of different sizes. We can change the core and 
satellite sizes as needed. Compared with other templates, 450 nm/80 nm in Fig.3.6 (A) 
are less uniform and show lower coverage. This can be explained by the relative size 
between the core and satellite. The ratio of core size to satellite size for 450 nm/80 nm is 
smaller than all the other three sizes. Thus, for 450 nm/80 nm template, the steric 
hindrance and repulsive charge effect become significant between the satellite spheres, 
and it is harder to obtain high coverage.  
    In addition to varying the sizes of the core/satellites, it is also possible to modify the 
number density of the satellites to form particles that are raspberry-like vs. strawberry-
like.  This feature was demonstrated using the 1500/110 nm hierarchical spheres, Figure 
3.7.  To vary the number of satellite spheres on the central core and form what are called 
“strawberry-like” hierarchical templates, either the amount of carbodiimide, the reaction 
time, or the reaction rate could be changed.  The most success was found by modifying 
the solvent to slow down the coupling reaction between the PS-COOH and PS-NH2.  In 
this work, the concentration of Triton X-100 in ethanol was changed to alter the 
viscosities of the coupling solution and hence the rate of diffusion and reaction.  The net 
result was a change in the coupling efficiency and a subsequent change in the number of 
satellites that attach to the center core.   
Fig. 3.7 shows SEM images of 1500/110 nm hierarchical spheres obtained using 
different concentrations of Triton X.  As the concentration of Triton X increases, the 
number of satellites that attach to the core decreases from (A) to (D). The uniformity is 
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also lost, which is consistent with our assumption that the viscosity influences the 
coupling efficiency.  In general, these strawberry-like hierarchical spheres were less 
stable and more prone to aggregation relative to the raspberry-like spheres.  Because the 
core sphere is only partially coated with satellite spheres, the unreacted COOH groups are 
exposed to solution and can also influence the overall surface charge of the hierarchical 
particle.  Stability was improved by capping the NH2 groups on the satellite spheres with 
NHS-acetate making them less attractive to each other.  The raspberry-like spheres, being 
fully coated with satellite spheres, have barely any exposed COOH groups to influence 
the surface charge and react with PS-NH2 and are thus less likely to aggregate.  The long-
term stability of these raspberry-like hierarchical templates was very good.  
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Figure 3.7 SEM images of 1500/110 nm “raspberry-like” templates (A, E), and 
“strawberry-like” templates synthesized at a Triton X-100 concentration of 0.05 wt % (B, 
F), 1 wt % (C, G), and 30 wt % (D, H). A → D show close-ups of the template spheres 
where E → H show that the spheres can be isolated and dispersed on a glass slide. 
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The SEM images in Fig. 3.8 show packed ensembles of the "raspberry" and 
"strawberry" templates of 1500 nm/110 nm made by COOH-NH2 coupling using 0.05 
wt% (B), 1 wt% (C) and 10 wt% (D) Triton X-100. Those monodispersed templates can 
be fabricated in a relatively large amount, and uniformity is relatively good through the 
whole batch, which provides an advantage in structure design. Figure 3.9 shows the 
images of 450nm/80nm strawberry templates under two different magnifications. This 
450/80 nm strawberry template is hard to control compared with the 1500/110 nm 
strawberry template because of the similarity in the size of the core and the satellites 
makes it hard to distribute those two type of spheres well making sure each core is 
surrounded by satellites.  Aggregation is a problem.    
 
Figure 3.8 SEM images of a collection of 1500/110 nm raspberry (A) and strawberry 
templates (using 0.05 wt%  (B), 1 wt%  (C) and 10 wt% (D) triton X-100). 
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Figure 3.9 SEM images for the 450/110 nm strawberry templates under high (A) and low 
(B) magnification. 
 
3.7 Packing of spheres 
Latex spheres can be packed on a surface in a close-packed arrangement using a 
number of different procedures reported in the literature that include sediment, capillary 
force induced packing, electrophoretic deposition, etc.
 39,183,184, 185,186
   
(1) Evaporation induced self assembly.  One of the most effective and convenient 
ways to form a large area with good packing is via the evaporation induced self-assembly 
method.
187,188
 In this method, 50 µL of the template suspension is placed on a clean gold 
slide and slowly evaporated under a 40-50% humidity atmosphere. The assembly of the 
setup is shown in Figure 3.10 (1). The template suspension dries from the center of the 
confined area, and gradually expands to the edge, which results in a thin center with very 
thick edge. In our case, the surface of gold is first self assembled with a layer of 
cysteamine to improve the wetability of the gold slide.  During the slow evaporation 
process, the templates assemble in a close-packed arrangement by capillary forces.
53,189
 
This approach usually produces multilayers of spheres, the thickness of which depends 
200nm 3um
(A) (B)
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on the concentration and the amount of spheres in the colloidal suspension.
66,190
 To obtain 
close packing, slow evaporation is crucial. By evaporating under a saturated atmosphere, 
good packing can be obtained. According to a previous study
191
, the attractive capillary 
force and mobility of templates during solvent evaporation are the two governing factors 
for ordering. The interaction between charged templates and the substrate affects the 
mobility of the spheres on the surface. When the templates and the substrate have the 
same surface charge, ordered self-assembly can be achieved. However, when they have 
opposite charges, strong coulombic attraction between the spheres and the substrate takes 
place and the net result is disordered packing due to strong adhesion and low mobility of 
templates.
192
 To avoid the templates from settling before the solvent evaporates, the 
solvent needs to have a density close to the PS material to sustain the colloidal 
suspension state. In this work, we use this well-established procedure for uni-modal 
templates to pack our raspberry–shaped hierarchical template (COOH-NH2) in a close-
packed arrangement under an acetic acid atmosphere.  
(2) Buchner funnel packing under weak vacuum. In this procedure, the templates are 
packed on a polycarbonate membrane (pore size 1 µm) in the Buchner funnel using a 
weak water faucet vacuum (Figure 3.10 (2)). As the liquid phase gradually passes through 
the filter (membrane), the templates pack on the PC membrane as shown in Figure 3.11 
(c). This method was used to fabricate a multimodal porous silica monolith. Experimental 
details will be discussed in chapter 4.  
(3) Self-assembly method is based on electrostatic force or chemical bonding between 
the template and the substrate. By exposing the gold slide to the amine terminated 
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templates, the template will be assembled on the gold slide as shown in Figure 3.10 (3) 
due to the interaction between gold and amine groups. This method produces a very low 
packing density of templates particles on the surface, due to the electrostatic attraction 
between the template and the substrate, which will restrict the mobility and hence the 
packing of the templates. In Figure 3.12 (B), the 450/80 nm COOH-NH2 templates were 
self assembled on a clean gold surface. As can be seen, there is no order to the packing. 
Hence, this method is not a good way to make ordered arrays of templates.    
(4) Dip coating with an angle. In this method, a cysteamine modified gold slide is 
placed on a stationary plastic slide and pulled by a thread attached to it as shown in 
Figure 3.10 (4). During the slow movement at the pulling direction, the gold slide will be 
pulled out of the template suspension at an angle, during which the templates pack on the 
gold slide. The key is to minimize the friction between the stationary slide and the 
moving slide to manage a smooth and uniform motion. It is difficult to completely 
remove the friction just by a consistent pulling force in this experiment, thus the packing 
is not good. As shown in Figure 3.12 (A), the packing is only good over a small range, 
and several areas of bare substrate are exposed. 
 (5) Slow speed spin coating. In this procedure, a drop of the template suspension is 
placed on a cysteamine modified gold slide, and then the slide spin coated at a slow speed 
(400-600 rpm). The mechanism is shown in Figure 3.11 (b). By slow speed spinning, a 
balance between the suspension surface tension contraction from the water solvent and 
the centrifuge force can be achieved. The centrifugual force will push the suspension to 
the edges, leaving a very thin layer of suspension in the center exposed to the air. Thus, 
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evaporation happens from the center, and then gradually to the edge. Similar to 
evaporation induced packing, this packing also takes advantage of capillary forces 
between the template particles, but is faster. The packing is thin at the center and thick on 
the edge. 
(6) Drop evaporation with an angle.   In this method a drop of the template suspension 
is placed on a cysteamine modified gold slide and then the gold slide tilted at a certain 
angle (~30 degree) where the solvent gradually evaporates without disturbance or 
vibrations. Like that shown in Figure 3.11 (a), the meniscus of the suspension will push 
the templates up along the substrate, and the capillary force among the template particles 
will pull the particles together into close packed arrangement as it dries. 
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Figure 3.10 Overview of the different template packing approaches. (1) Evaporation-
induced self organization, (2) Filtering by Buchner funnel, (3) Slow speed spin coating 
(4) Dip coating at an angle (5) Self-assembly via electrostatics or chemical bonding and 
(6) Drop evaporation at an angle. 
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Figure 3.11 Template packing mechanism: (a) evaporation approach, (b) slow speed spin 
coating approach,
53,193
 and (c) sedimentation approach. 
 
    Compared with unimodal polystyrene spheres, the hierarchical templates have rough 
surfaces, which to a certain degree can limit template mobility on the surface of the 
substrate. Acetic acid was used to help disperse the COOH-NH2 templates in solution and 
monodispersed templates were used to form the packing. A certain percentage of the PS 
sphere surface is occupied by well-separated, monovalent functional groups. The 
remaining surface is made up of the stacked benzene rings of the polystyrene, which are 
hydrophobic (http://www.invitrogen.com). Acetic acid is a good solvent for both aqueous 
and organic solutions. So here, as we see from the SEM, the templates are perfectly 
monodispersed. Neither HCl or H2SO4 was as effective as acetic acid in dispersing and 
wetting the hierarchical spheres.  Using concentrated acetic acid as the solvent, however, 
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does cause many problems because it is so corrosive. But there are still many methods 
that can be used to pack the hierarchical templates. For NH2-epoxy templates, the 
dispersion can be carried out in aqueous solution since the satellite sulfate/epoxy spheres 
can be easily dispersed in water. It is easier to pack these hierarchical templates without 
concern with contaminations resulting from the caustic acetic acid.   Packing methods (5) 
and (6) in Figure 3.1.0  were used for the NH2-Epoxy hierarchical template while for the 
COOH-NH2 templates, the evaporation induced packing method and Buchner funnel 
packing were used. 
 The packed hierarchical templates can then used to prepare porous materials with 
well-defined architecture.  Multimodal porous silica was fabricated using the 1500/110 
nm hierarchical template packing while the bimodal macroporous gold electrodes were 
fabricated using the 1200/60 nm hierarchical template as described in chapter 4 and 
chapter 5.  The 1500/110 hierarchical template was also used to prepare hollow capsules 
as described in chapter 6. 
 
Figure 3.12 SEM images of template packing by different method (a) dip coating with an 
angle and (b) self-assembly by charge effect.  
      
(A) (B)
20um 1um
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3.8 Advantages of the hierarchical templates.  
    Materials with well-defined pore sizes and long-range order can be prepared 
straightforwardly by coupling sol-gel chemistry with templating or by electrodepositing 
metals around templates pre-organized on a conducting surface.  For example, 
macroporous gold, platinum, and copper electrodes with well-defined macropores have 
been made by electrodepositing suitable metal salts around a colloidal crystal 
template.
66,190
  Ordered mesoporous silica materials (powders, films) have been prepared 
using surfactant assemblies as a template (or site-directing agent)
194
 while ordered 
macroporous materials (powders, films, monoliths) have been made using colloidal 
crystals as templates.
33,153
  More recently, silica with bimodal (or hierarchical) pore 
structure has been made by dual templating procedures as well as via layer-by-layer 
assembly and self assembly methods that utilize particles/templates of differing length 
scales/composition (nano to micron).
84,91,93,195-198
  These approaches can be quite 
complicated because of the multiple templates involved and the interplay that is often 
needed to successfully produce the desired material. 
The advantage of utilizing a hierarchical template to create two vastly different types 
of hierarchical porous materials (multimodal silica and a bimodal metallic thin film) is 
demonstrated in this work.  This approach has three noteworthy features worth 
mentioning:  (1) the template itself is hierarchical thus ensuring an interconnected pore 
structure with the larger pores connected through smaller pores, a necessary requirement 
in many applications, (2) the templates can be easily captured in a pellet form via 
centrifugation, dispersed in an appropriate solvent, and then assembled on a surface in a 
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2D (for film formation) or 3D (for monolith/powder formation) architecture, thus 
maximizing flexibility in material fabrication, and (3) the template is prepared from only 
one material thus allowing it to be easily removed from the matrix in a one-step 
procedure under mild conditions minimizing sample/substrate destruction to yield the 
bimodal porous material with pores of well-defined sizes that corresponded to the size of 
the template.   
The isolated hierarchical spheres can be assembled on a suitable surface in a quasi-
close-packed arrangement using methods previously reported in the literature
153
 and 
described above.  Figure 3.13 shows SEM images of a single layer packing of 340/29 nm 
NH2-epoxy raspberry-like templates and the top surface of 1500/110 nm diameter 
COOH-NH2 raspberry-like spheres packed in an organized fashion prepared using the 
drop evaporation with an angle induced self organization and the Buchner funnel 
sedimentation packing method.  As can be seen, the presence of the smaller satellite 
spheres on the central core does not significantly influence the way the spheres are able 
to pack.  The packing obtained is similar to that obtained when using traditional 
monodisperse unimodal latex spheres of similar size.  After the hierarchical colloidal 
crystal is encapsulated into a suitable host framework, the individual templates can then 
be removed via calcination or chemical treatment.  Because the hierarchical sphere is 
composed of one material (e.g., polystyrene), it can be easily removed from the matrix 
using a single solvent.  
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Figure 3.13 (A) (B) SEM images of 340/29 nm on glass slide by evaporation induced 
packing at an angle and (C) (D)1500/110 nm hierarchical spheres on polycarbonate 
membrane packed by Buchner funnel packing at two different magnifications.  
 
3.9 Introduction of the applications of those hierarchical templates 
    By using the as-formed hierarchical templates, a variety of different multimodal porous 
materials can be designed and made including multimodal porous monoliths, thin films, 
or hollow spheres as shown in Figure 3.14. In the following three chapters, the 
fabrication and characterization of multimodal porous monoliths, thin films and capsules 
using the hierarchical templates are presented as examples for 3D, 2D and 0D 
multiporous materials. 
 
(D)(C)
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Figure 3.14 Illustration of the type of 3D, 2D and 0D hierarchical porous structures that 
can be fabricated using hierarchical templates. 
 
 
3.10 Conclusion   
Hierarchical templates with raspberry and strawberry morphologies were 
fabricated by chemically binding two types of polystyrene spheres together and packed in 
a close-packed arrangement. The templates are size tailorable in both core and satellite 
sizes. Strawberry–like templates were obtained with different coverage by slowing down 
the coupling efficiency. The controllable design of the templates provides us more 
possibilities and control in porous materials design. Hierarchical templates of a 
predefined size and shape can be used to prepare multimodal porous materials with a 
well-defined large macropore surrounded by much smaller pores.  The large macropore 
can provide easy access to the inner pores, which help to increase the overall surface area 
of the porous material.  The advantages that this approach provides are simplicity and 
versatility:  (a) the template is size-tailorable through alterations in the size of the central 
core and/or satellites and by changing the number density of the satellites;  (b) only one 
template is needed in contrast to combining two or more templates, which can complicate 
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the chemistry; (c) both 2D (films) or 3D (monoliths, powders) can be made, (d) having a 
hierarchical template that is made completely out of polystyrene allows flexibility in 
removal via mild solvent dissolution (e) the materials produced have well-defined pore 
sizes that are interconnected.  The one current drawback is access to the “micropore” (d < 
2 nm) and to some extent the “mesopore” (2 nm < d < 50 nm) regions is limited by the 
smallest size of the latex sphere that can be purchased commercially.  However, this 
limitation can likely be circumvented by in-house synthesis or utilization of another type 
of appropriately functionalized colloid.  It is envisioned that these hierarchical porous 
materials will be useful as platforms for chemical sensing, chromatography, and catalysis. 
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Chapter 4 Multimodal porous silica  
4.1 Introduction  
In this chapter, well-defined multimodal porous silica is fabricated by the hard 
templating method using the 1500/110 nm COOH-NH2 hierarchical raspberry-like 
template prepared as described in Chapter 3. The major objective of this study is to 
demonstrate the feasibility of using the hierarchical template to obtain 3D structured 
multimodal porous using silica as an example. The materials produced can be easily 
modified and functionalized for further applications. 
4.2 Background and purpose 
     Porous silica materials prepared by the sol-gel process have been extensively 
studied.
111,199
 The properties of the material can be tuned by varying the sol-gel synthesis 
conditions such as pH, temperature, and additives. The ability to dope various molecules, 
particles, etc. into the silica network makes silica very useful for different applications.
200-
203
 Furthermore, another reason silica supports have gained so much attention is because 
the surface of silica can be easily modified and functionalized.
204
  
     Significant interest has recently been directed toward the fabrication of hierarchical 
porous supports. Such hierarchical structures are particularly useful for applications that 
require fast and efficient transport in, out, or within a high surface area porous framework 
such as in separations, energy storage, drug delivery, catalysis, sorption, tissues 
engineering and chemical sensing.
37,39,205-208
  These supports, with a desired acceptor or 
special molecule assembled on its surface, can provide a effective platform for generating 
sensitive sensors, highly efficient catalysis supports, high volume dosimeter, etc.  
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Multimodal porous silica structures have been made using a dual templating method, 
such as combining polystyrene spheres with an ionic liquid
209
 or combining polystyrene 
with microporous zeolite.
210
 Phase separation
122
 and  self assembly
211
 have also been used 
for this type of material fabrication. In this work, a vastly different approach was used to 
prepare hierarchical porous structures.  This approach starts with a hierarchical template, 
which is defined as a template with morphology on different length scales.  The 
hierarchical template is combined with conventional one-step hard templating methods to 
form the multimodal porous structure.  The main advantage of this strategy is the 
tailorability of the pores, which provides more control over structure design. 
4.3 Fabrication process 
Reagents and chemicals.  Tetramethoxysilane (TMOS, 98%) and dimethydiethoxysilane 
(DMDEOS) were purchased from Aldrich.  All reagents were used as received. 
Polycarbonate filters (1 µm) were purchased from SPI supplies.  Water was purified with 
a Millipore water purification system. 
Instrumentation.  N2 sorption experiments were conducted with a Quantachrome 
Autosorb 1 MP analyzer with an equilibration time of 3 minutes.  Samples were 
outgassed at 120 
0
 C overnight. 
Synthesis of multimodal porous silica.  The original silica sol was prepared by mixing 
1000 µL TMOS, 300 µL of DMDEOS, 2000 µL of ethanol, and 300 µL of 0.1 M HCl 
followed by stirring for 30 min and aging for two days at room temperature.  The 
hierarchical raspberry-like templates (1500/110 nm) were deposited on a polycarbon 
filter in a Buchner funnel under vacuum as described in chapter 3.
212
 The sol was then 
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added drop wise to infiltrate the latex templates while suction was applied.  The silica 
coated colloidal crystal was dried for several hours and then peeled off the filter and 
further dried for 2 days at ca. 40~45 % humidity at room temperature.  When completely 
dry, the hierarchical template was removed via calcination.  The temperature was held at 
70 
o
C for 30 min, and then the temperature was increased to 540 
o
C at 4 
o
C/min and 
maintained at 540 
o
C for 3 h to yield multimodal porous silica.  
    To prepare hierarchical porous silica with well-defined macropores, the hierarchical 
spheres (1500/110 nm) were packed via filtration in Buchner funnel followed by 
infiltration with a silica sol.
212
  Briefly, the templates were deposited on polycarbonate 
filter in a Buchner funnel under a weak vacuum.  The 3D arrangement of latex spheres 
was infiltrated with a silica sol prepared by hydrolyzing and condensing 
TMOS/DMDEOS while suction was applied.  When completely dry, the hierarchical 
templates were removed from the silica framework by calcination to leave porous silica 
with innate mesoporosity along with well-defined bimodal macroporosity created from 
the core/satellite spheres. The innate mesoporosity stems from the nature of sol-gel 
polymerization which takes place between the individual templates.
212
   
4.4 Characterizations and discussion 
    A highly simplified diagram of the cross-section of the resultant multimodal silica is 
shown in Figure 4.1. The textured area represents the mesoporous silica that forms when 
the silica sol is infiltrated through the network of spheres and subsequently polymerized.  
Macropore C represents the pore formed from the core sphere and macropore S 
represents that formed from the satellite sphere.  Windows are formed in the location 
74 
 
where two spheres make contact such as at the core-satellite interface and the interface 
between adjacent hierarchical templates.  These are the regions where there will be 
significant size disparity as the silica framework will be thin and fragile. 
 
Figure 4.1 Simplified diagram of the cross-section of multimodal silica along with 
relevant parameters. 
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Figure 4.2 SEM image of the silica gel/hierarchical template (1500/110 nm) composite 
made by using TEOS/DMTEOS silanes. The templates and the cavities are both present 
at the interface of a large crack made on purpose.  
 
    Figure 4.2 shows an SEM image of the silica/hierarchical template (1500/110 nm) 
composite formed after the infiltration of silica sol into the packed multi-layer of spheres. 
From the SEM image, a close packed template framework can be seen beneath the silica. 
On the interface of the crack, the pores generated by the hierarchical templates and the 
hierarchical templates themselves can be clearly seen. Because of the way the silica 
cracks, most of the satellites spheres are unplugged by the surrounding silica. The 
polystyrene spheres can be removed either via dissolution in an organic solvent or via 
calcination. Even though porous silica shrinks during calcination, calcination strengthens 
the silica structure and completely removes the template and any organic groups (such as 
from the silane precursor) to generate three levels of porosity. Compared to calcination, 
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organic solvent dissolution is not as effective in the complete removal of the polystyrene, 
particularly for this type of complicated porous structure.  The advantage of organic 
solvent dissolution, however, is that organic functional groups bound to the silica 
framework are not removed by washing with an appropriate solvent. 
 
 
 
Figure 4.3 SEM images for hierarchical porous silica prepared from the 1500/110 nm 
hierarchical spheres.  Different magnifications are shown. 
 
    SEM and TEM were undertaken to obtain a visual image of pore interconnectivity.  
Figure 4.3 shows SEM images of the hierarchical porous silica prepared using the 
1500/110 nm hierarchical templates.  In the zoomed SEM images (Fig. 4.3 C,D), the 
small pores produced from the satellite spheres can clearly be seen on the exterior of the 
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large macropore formed from the core sphere.  In addition, the windows of varying size 
that lead into the small macropores formed from the satellite spheres located just 
underneath the large macropore can also be seen.    
 
 
Figure 4.4  TEM images for hierarchical porous silica prepared from the 1500/110 nm 
hierarchical spheres.  A, B are identical images showing neighboring pores.  Dashed 
white circles have added to the image shown in B to aid in the visualization of the pores 
that resided in the upper layer.  C) Single pore with windows (bright spots) clearly 
visible.  D) Small macropores/windows at higher magnification. 
 
 
The TEM images shown in Figure 4.4 are consistent with SEM images.  Figure 
4.4A and 4.4B are the same image.  In Fig. 4.4A, two large macropores and their 
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associated windows can be observed adjacent to each other.  Also evident in this image 
but more clearly shown in Fig. 4.4B with the addition of the dashed white circles is 
remnants from three pores that likely resided one layer above that which was fractured 
upon sonication.  Figure 4.4C shows a TEM image a single pore with smaller pores 
showing up as bright white spots.  A higher magnification image of the small pores 
(windows) is shown in Fig. 4.4D.  As can be seen, the regularity and uniformity of the 
windows that lead into the smaller macropore is not great as the silica is thin and likely 
easily fractures in this area.  The pore sizes are about 1300 nm and 85 nm by TEM, which 
is smaller than the nominal size of the templates but can be attributed to shrinkage 
associated with calcination.  It is not uncommon to have some shrinkage in the area of 
10-30% in such materials.
39
  While demonstrated herein with silica, this approach can be 
easily adaptable to other inorganic precursors such as titanium ethoxide or zirconium 
propoxide to form bimodal TiO2 or ZrO2.
212
 
To evaluate the porosity and pore interconnectivity, particularly mesoporosity, 
nitrogen sorption experiments were conducted.  Figure 4.5 show N2 adsorption-
desorption isotherms for the silica material prepared from the 1500/110 nm hierarchical 
spheres.  In this experiment, the silica material was calcined to ensure complete removal 
of the polystyrene hierarchical template.  As can be seen in Fig. 4.5, the isotherm is Type 
II and characteristic of a macroporous material showing a significant rise at high P/P0 
range.
213
  The BET surface area is not particularly large, 74 m
2
/g, because the material is 
predominately macroporous with thin walls and little to no microporosity.  The presence 
of hysteresis in the adsorption/desorption branch is indicative of mesoporosity.  A plot of 
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the pore size distribution, calculated using the BJH from the desorption branch, shows a 
broad peak centered at 12 nm and a small narrow peak at ~ 4 nm. This type of pores 
arises from the innate porous structure of silica generated by sol gel process. Besides, 
during calcination, some shrinkage will take place and the methyl groups (which arise 
from the dimethyldiethoxysilane precursor used) will also be removed thus leading to 
mesoporosity.  
 
Figure 4.5  N2 adsorption-desorption isotherm for hierarchical porous silica prepared 
from the 1500/110 nm hierarchical spheres.  Open circles are the adsorption branch;  
closed circles are the desorption branch.  Inset:  Pore size distribution obtained from the 
desorption branch.  The lines have been added to guide the eye. 
 
Mercury intrusion porosimetry was also undertaken to more fully characterize the 
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macroporosity of the multi-modal material produced.
214
  However, the results were less 
conclusive with the pore size distribution plot showing a very broad peak centered at 500 
nm with small shoulders near ~ 150 and ~1500 nm as shown in Figure 4.6.  It is clear 
from the results that the silica material can not withstand the very high pressure required 
to intrude mercury through the small pores/windows that lead into the large macropore, 
which has been previously observed for 3D macroporous silica.
215
  The wall thickness is 
very thin especially in the window regions and it is likely that the small pores fracture 
because of the pressure needed to intrude mercury though this bimodal pore structure.    
 
 
Figure 4.6 Mercury intrusion porosimetry data for hierarchical porous silica prepared 
from the 1500/110 nm hierarchical spheres.   
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  In related work, we also examined the effect of vacuum and calcination on the material 
produced.  Figure 4.7 shows SEM images of the silica material obtained after a strong 
vacuum was applied to infiltrate the silica sol into the multi-layer of packed templates 
using a mechanical pump. The strong force quickly removes extra silica sol to generate a 
silica structure, which is a thin layer closely attached to the hierarchical templates, as the 
satellites sphere can still hold some of the silica sol around the template surfaces during 
the suction. This material is more fragile since the porosity is higher compared with 
inverse opal structure generated by use of a weak vacuum. With regard to calcination, 
when the hierarchical template was removed by dissolving in chloroform to form the 
porous matrix, there was no obvious shrinkage of the silica framework. The pore sizes 
were similar to the template spheres, as shown in Figure 4.7. The porous matrix can form 
without calcination, but the interconnected windows are too small to be clearly seen since 
the silica sol wets the template surfaces pretty well. After calcination, the silica network 
structure shrinks, and the interconnecting necks become more obvious. A similar effect 
was also observed in porous capsule fabrication as described in Chapter 6. 
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Figure 4.7 Multimodal porous silica generated by using a stronger mechanical vacuum 
pump.  (A) Top view, (B) side view, and (C) blowup of the porous silica surface. (D) 
Multimodal porous silica generated without calcination. 
 
4.5 Conclusion 
A three-dimensional interconnected, highly porous silica material with porosity on 
different scales, that is, macropores (1.4 μm, 100 nm) and mesopores (12 nm, 4 nm), was 
successfully fabricated by a hard templating method using well-defined hierarchical 
templates. The surface area of this porous silica structure was 74 m
2
/g by N2 adsorption 
measurements at 77 K. A 3D arrangement of well-defined pores of different sizes was 
obtained, with the bigger pores open to the smaller ones. Thereby the connectivity is 
2um 2um
100nm 200nm
(A) (B)
(C) (D)
200nm
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established, which assures the easy removal of the template without disrupting the host 
material. The silica network itself is porous, thus the resulting material can be considered 
to have hierarchical multi-modal porosity.  Such materials will be useful in separations, 
purifications, as catalysis carriers, and in the adsorption of gases. 
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Chapter 5 Bimodal porous gold electrode 
 
5.1 Introduction  
    In this chapter, well-defined bimodal porous gold electrodes were fabricated by the 
electrodeposition of gold around preassembled hierarchical raspberry-like templates. The 
hierarchical templates were made by coupling the functional groups on the surface of two 
different sizes of PS latex spheres as described in chapter 3. After electrodeposition of 
gold around the template-packed gold slide and subsequent removal of the template, 
hierarchical porous gold films with well-defined architecture were obtained.  
The major objective of this study was to demonstrate the feasibility of using 
hierarchical templates to obtain 2D structured bimodal porous thin films and to study 
their electrochemical properties using both a diffusing and an adsorbed redox couple. 
Comparisons of surface area and electrochemical response of the hierarchical porous gold 
electrode and a macroporous gold electrode prepared from 1200 nm diameter NH2-PS 
latex spheres and either electrodeposited flat gold or an as-received flat gold electrode 
were made. 
5.2 Specific aim for bimodal porous gold film 
    High surface area electrodes have received considerable attention in recent years.  
These electrodes provide an effective way to increase the real surface area of an electrode 
without compromising its physical size. This attribute is especially important for 
miniaturized devices that require electrodes to be geometrically small but also to have a 
high surface area to improve sensitivity and lower detection limits. Rough or porous 
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electrodes have a higher faradaic current and enhanced sensitivity and low LOD (limit of 
detection) for certain analytes.
216
 In addition to chemical sensing, high surface area 
electrodes are also important in the design of catalytic supports, batteries, and fuel cells
69
.  
High surface area noble metal electrodes have been fabricated using a number of 
different approaches that include hard templating of latex spheres or SiO2 spheres, 
chemical dealloying,
217
 electrochemical dealloying,
218,219
 electrodeposition in the pores of 
nanopore membranes
220
 as well as from ensembles of gold nanoparticles, gold 
microparticles,
221
 and electrospun gold nanofibers.
222
 The electrochemical properties of 
such macroporous and nanoporous Au electrodes have been described in the literature.
66
 
Advantages include size selectivity in sensing,
223
 more active sites for catalysis,
224
 high 
surface area for signal generating,
225
 and high capacitance for energy storage and other 
electronic device applications.
226
 
    Equally important to the need for high surface area is the need for this area to be 
accessible.  However, pore size limitations hinder the diffusion of analytes deep into the 
inner surface. For a redox couple with fast electron transfer kinetics, the electron transfer 
between the electrode and the solution only happens on the top layer of the electrode, 
thus the inner structure is not used.
227
 One means to enhance the accessibility is to design 
a hierarchical electrode, one that will have well-defined pores on more than one length 
scale.  A large pore, for example, will facilitate transport to the smaller pores, which act 
to increase the electrode area and provide additional places for electron exchange to take 
place.  However, there have been very few examples of hierarchical porous electrodes 
with well-defined pores on more than one length scale reported in the literature.  In 
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chapter 3, we described the fabrication of a hierarchical template formed by coupling two 
different sized polystyrene latex spheres together. The size and morphology of the 
hierarchical template was defined by varying the sizes of both the “core” and the 
“satellite” spheres, as well as altering the coverage of “satellites” on the “core”. When 
these hierarchical latex spheres are used as hard templates, hierarchical, high surface area 
materials can be easily prepared.  The main advantage of such a strategy is that it 
provides a means to form a hierarchical material with an interconnected pore structure.   
 
5.3 Fabrication process 
Reagents and Chemicals  
Ferrocene methanol, 97% was purchased from Acros Organics. 2-aminoethanethiol (also 
known as cysteamine) and HClO4 were purchased from Fisher Scientific. 6-Ferrocenyl-1-
hexanethiol was purchased from Dojindo Molecular Technologies, Inc. All reagents were 
used as received. Aqueous suspensions of polystyrene (PS) microspheres functionalized 
with either amine or epoxy/sulfate groups with diameters ranging from 29 nm to 1.2 μm 
were obtained from Invitrogen (formally Interfacial Dynamics Corporation (IDC), 2.1 
wt/v% for PS-NH2, and 4.1 wt/v% for PS-Epoxy/Sulfate). Gold mirror electrodes (100 
nm Au, 10 nm Ti) were purchased from EMF Corporation. The gold plating solution, 
Gold 25, was purchased from Technic Inc. Water was purified with a Millipore water 
purification system. 
Synthesis of bimodal porous gold films  
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Highly ordered macroporous electrodes with an increased surface area obtained by 
electrodeposition of gold around colloidal crystals have been reported in the 
literature.
66,190,228,229 
This strategy was employed in this chapter to obtain a hierarchical 
porous gold film with the exception that a hierarchical template was used. Hierarchical 
gold electrodes with well-defined pores of more than one size were prepared by 
electrodepositing gold around a packed ensemble of hierarchical PS latex spheres 
followed by their removal. The schematic process is shown in Figure 5.1.     
 
Figure 5.1 Fabrication of bimodal porous gold film (A) clean gold slide, (B) templates 
packed on the gold slide, (C) gold deposited around the templates by electrodeposition, 
(D) is ½ layer porous gold film after the template removal, and (E) is 1½ layer porous 
gold film after template removal. 
 
    For templates packed on a gold slide (substrate), the gold surface that is not blocked by 
the templates is directly exposed to the plating solution (Figure 5.2). Thus the deposition 
proceeds uniformly within the templates packing. After the deposition, different spots 
along the gold surface should have the same thickness. Each time, when the quantity of 
electricity is the same, the same mass of gold will be reduced. Assuming that the 
depositing area is the same and the packing of templates is uniform and close packed, the 
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film thickness should be similar for each sample given the same deposition conditions. 
Thus, we can control the thickness by controlling the quantity of electricity passing 
through the electrode surface Q.  
  
 
Figure 5.2 Schematic illustration of the formation processes of (a) ordered porous gold 
film
230
 and (b) ordered bimodal porous gold film by electrodeposition. The metal 
complexes in the solution are reduced on the exposed conductive substrate.  
 
Four different gold plating solutions, their ingredients and the features of the deposited 
surfaces are summarized in Table 5.1. The corresponding SEM images of the surfaces are 
also shown in Figure 5.3. Clearly, the commercial plating solution shows the best stability 
and flat, mirror-like surfaces.  
Table 5.1 Four types of gold plating solutions used for electrodeposition and electrode 
surface feature. 
 
Plating solution 
 
Composition Deposited surface and 
stability of the solution 
HAuCl4 solution   0.03 M HAuCl4 in water  Rough, stable 
Recipe 1 solution 100 g/L Triammonium citrate  
25 g/L KAuCl4, 68.5 g/L Na2SO3 
Relatively smooth, not very 
stable 
Recipe 2 solution 12 g/L HAuCl4, 5 g/L EDTA,  
160 g/L Na2SO3, 30g/L K2HPO4 
Relatively smooth, unstable 
Commercial plating 
solution  
Gold Tech 25 Mirror like plating, very 
stable 
(a)
(b)
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Figure 5.3 SEM images of hierarchical porous films fabricated using different plating 
solution (A) HAuCl4 solution, (B) Recipe 1 solution, (C) Recipe 2 solution and (D) 
Commercial plating solution. 
 
    Hierarchical porous gold electrodes were successfully prepared using both 
potentiostatic deposition and galvanostatic deposition. Similar procedures were also used 
to prepare macroporous gold electrodes from a 1200 nm diameter NH2 PS sphere and  
electrodeposited flat gold electrodes. 
 
5.3.1 Synthesis of Hierarchical Porous Gold Electrodes by Potentiostatic Deposition 
Hierarchical gold electrodes were prepared potentiostatically in a manner similar to 
that described in the literature.
66
 Gold slides were cleaned by soaking in 95
o
C Piranha 
(A) (B)
(C) (D)
200 nm 1 um
1 um 200 nm
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solution (CAUTION:  Piranha is dangerous and must be handled carefully and disposed 
of appropriately) for 5 min, then immersed in a 10 mM 2-aminoethanethiol 
hydrochloride/ ethanol solution to self assemble a layer of positively charged amine 
groups on the gold surface. Because cysteamine (2-aminoethanethiol) is a small 
molecule, it will not impede electron transfer, which is required for electrodeposition. 
Approximately 150 μL of a suspension of the monodisperse hierarchical templates 
(1500/110 nm) in acetic acid was spread over the area of the gold electrode defined by a 
hole punched into a piece of Teflon tape (geometric area ≈ 0.079 cm2).  The sample was 
slowly dried under an acetic acid environment.  The sphere packed gold slide was then 
exposed to an oxygen plasma (10 V for 2 s) to make the surface of the templates more 
hydrophilic. The multilayered material was soaked in the gold plating solution for 5-10 
min and then the gold ions reduced to metallic gold as outlined in procedures pioneered 
by the Bartlett group.
66
   
Electrodeposition was carried out in a three-electrode electrochemical cell that contains 
a "working electrode" (PS template modified gold slide), a "reference electrode" 
(Ag/AgCl), and a "counter electrode" (platinum gauze). A CV of the template modified 
gold slide in a 0.3 M HAuCl4 gold plating solution is shown in Fig 5.4 (A).  The current 
change during the electrodepositon of gold is shown in Fig 5.4 (B). The electrodeposition 
was done potentiostatically via application of -0.9 V for about 8 minutes.  This in turn 
results in gold formation around the templates. According to the literature, for high 
quality template packed electrodes, oscillations in the current should be observed as the 
gold film grows thicker due to changes in the electrode surface area.
227
   The deposition 
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can be stopped at the point where the gold is at the ½ layer point or the 1 ½ layer point.  
Thus this method allows for control over the bimodal pore sizes and the thickness of the 
porous material with high precision. In the data shown in Figure 5.4 (A), current 
oscillations are not observed because the deposition is too thin compared to the size of 
the hierarchical templates used. The hierarchical templates can be removed in one step 
via washing the electrode with chloroform.   
 
Figure 5.4 (A) CV of a hierarchical template coated gold electrode in 0.3 M HAuCl4 gold 
plating solution at 0.1 V/s; (B) Potentiostatic deposition curve of the gold slide at – 0.9 V. 
 
Figure 5.5 shows SEM images of the surface of a bimodal macroporous gold film after 
template removal.  Because the whole material is conducting, very clear SEM images can 
be obtained of the windows located inside the large macropore that lead into the small 
pore formed from the satellite spheres.  As can be seen from such images, the packing of 
the spheres is quite good in some areas, and the interconnections between the small pores 
can be seen in high magnification SEM images.  In other areas, the spheres do not pack 
as well and there are more dead spaces between spheres.  How well-ordered the spheres 
Eapp = -0.9 V 
(A) (B) 
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pack on the surface is highly dependent on the procedure used to assemble the spheres as 
well as the surface chemistry and cleanliness of the substrate.  In this particular example, 
numerous small pores formed from residual small (satellite) spheres that were not 
completely removed during template preparation are also evident.   
 
Figure 5.5 SEM images for a bimodal macroporous gold film prepared from 1500/110 
nm hierarchical templates at two different magnifications. (A) low magnification, (B) 
high magnification. 
 
5.3.2. Synthesis of Hierarchical Porous Gold Electrodes by Galvanostatic Deposition 
     Hierarchical gold electrodes were also prepared galvanostatically. Galvanostatic 
deposition is more often used in plating because the low constant current can result in a 
smoother deposited surface compared with potentiostatic deposition. In this part, a 
different type of hierarchical template, NH2-epoxy raspberry template, and a different 
packing method was used. Hierarchical templates were made via the base-assisted 
coupling of epoxy groups with NH2 groups as described in chapter 3. Briefly, the amino-
spheres latex (1.2 m) and epoxy-spheres latex (60 nm) were mixed uniformly together 
with excessive epoxy-spheres by sonication for several minutes, and then a Na2CO3 
  
(A) (B)
10 um 1 um
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buffer (pH = 10, 0.1 M) was added into the colloidal solution to start the coupling 
between amine and epoxy groups. After 24 h, the hierarchical templates were separated 
from the original solution by centrifugation. 
        To prepare the hierarchical gold electrodes, the gold slides were first sonicated in 
soap solution and ethanol for 10 min, respectively, followed by plasma cleaning at 10 W 
for 2 min and immersion in a 10 mM 2-aminoethanethiol hydrochloride/ ethanol solution 
for 2 days. The templates were then packed on the modified gold slides by slow speed 
spin coating. Specifically, ~ 50 μL of an aqueous suspension of the templates (~ 2 wt %) 
was spread in a circular area of ~ 1 cm
2
. After sitting for about 1 min, the sample was 
then allowed to dry by slowly rotating the electrode at a spin speed of 450 rpm for about 
30-45 min.  Under these conditions, a very thick layer of spheres covered the electrode 
with the bottom few layers being relatively ordered compared to the top few layers.  
Since electrodeposition of gold begins from the bottom up, this method works well for 
making gold electrodes that have an ordered arrangement of pores.  The disordered top 
layers of the PS spheres are just simply washed away upon template removal. 
To fabricate the hierarchical gold electrodes, gold was electrodeposited around the 
template in a manner similar to what has been described in the literature for the formation 
of a macroporous gold electrode with the exception that deposition proceeded 
galvanostatically vs. potentiostatically.  For comparison purposes, a macroporous gold 
electrode with pore size of 1200 nm was also made in a similar fashion. The electrode 
area (~0.3 cm
2
) was defined by a ¼ inch circle hand punched in a piece of Teflon tape 
(HYDE model) placed over the surface of the densely packed spheres. Electrodeposition 
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was carried out galvanostatically with a current of 0.1 mA in a three-electrode 
electrochemical cell. Figure 5.6 illustrates how the potential changes with time following 
the application of a constant current to the electrode surface.  The observed oscillation in 
the potential that takes place during deposition is related to the oscillation in electrode 
area that inevitably happens during electrodeposition. It is very similar to that observed 
when deposition proceeded potentiostatically; in that case, the current oscillated with 
time.
227
 At the start of electrodeposition, the latex sphere only touches the surface at a 
small point and the electrode area is relatively large.  As deposition proceeds, the gold 
film grows thicker and the surface area decreases.  In order to maintain the applied 
current, a more negative potential must be applied.  At the half way point, the electrode 
area is at its smallest point, and the potential at its most negative potential.  Once the half-
way point is past, the potential must drop to a less negative number to maintain the 
applied current as the electrode area begins to increase again.  The amplitude gradually 
decreases as the layer number increases because the packing is less uniform for the upper 
layers, which balances off the effect. As previously described, these deposition curves 
provide an accurate means to control the thickness of the gold film.
227
 It also provides a 
means to indirectly evaluate the order of the templates (yields sharper oscillations) and 
partially control the surface area upon template removal (via variations in film 
thickness).
231
  Each point is supported by SEM images. Current density is another 
important parameter in deposition. Smoother films result from lower current density.
232
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Figure 5.6 Potential-time trace at the hierarchical sphere (1200/60 nm) modified gold 
electrode in the gold plating solution following the application of 0.1 microamps.  
 
After electrodeposition, the Teflon tape was removed and the sphere-coated gold slide 
was rinsed with water and air dried. To remove the polystyrene templates, the sphere-
coated gold slide was soaked in a 2:1 ratio chloroform/acetone mixture for several 
minutes prior to sonication for 5 min. As described in the text, the electrodes were then 
either cleaned by KOH + H2O2 (50 mM KOH and 25% H2O2 for 2h), or by irradiation 
with UV light (254 nm, 20 W) for at least 18 hrs.  A hole punched piece of Teflon tape 
(dia = 1/4 or 1/8 inch) defined the electrode area. The tape was pressed hard against the 
gold substrate with an exposed deposited area so that it seals the undesired area tightly. 
The 1/8 inch puncher size can ensure the defined electrode area is smaller and located 
entirely with the ¼ inch diameter circle that defines the electrodeposited area. Flat 
electrodeposited gold was made by electrodepositing on a 2-aminoethanethiol 
hydrochloride modified gold slide for 10 min.  Current was kept the same at 0.1 mA. 
    SEM images of half-layer and 1½ layer of hierarchical porous gold films are shown in 
Figure 5.7 along with a SEM of a macroporous electrode prepared using 1200 nm 
0.5 layer 
1.5 layer 
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diameter PS spheres for comparison.   What can be clearly seen in the SEM images of the 
gold films prepared from the hierarchical PS spheres is the presence of very small pores 
at the bottom of each of the significantly larger macropores.  The neck of the smaller 
pores are approximately 20 nm in diameter, where big sphere touches smaller sphere.  
For the multilayer images, three interconnected porous windows can be observed 
between the two neighboring layers.  These windows are composed of small pores 
formed where the satellites touched. Similar windows have been observed in 
macroporous materials in other’s work.90 Those porous windows were not observed in the 
hierarchical porous silica monolith in our previous work (chapter 4), which is probably 
because the big, uniform and smooth amino satellites of the template used for making 
silica monolith resulted in less touching among the satellites. In addition, the silica sol 
wets the polystyrene spheres better, which can form very small interconnected pores after 
template removal. Therefore no porous windows were observed.  
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 Figure 5.7  SEM images of porous gold electrodes prepared from (A, B) PS latex sphere, 
diameter 1200 nm, half-layer, (C, D) PS hierarchical latex sphere, 1200/60 nm, half-layer, 
and (F) PS hierarchical latex sphere, 1200/60 nm, one and one half-layer.  (E) Cartoon 
depicting multilayer formation and the resultant windows that form. 
 
5.4 Characterization of Hierarchical Porous Gold Electrodes 
5.4.1 Surface Characterization 
Surface chemistry plays an important role in electroanalytical chemistry.  
Therefore it is very important to make sure the electrode surfaces being used are clean 
and free from contaminants. To evaluate the presence of surface contaminants on the top 
~ 5 nanometers of the surface of the electrodes after cleaning, x-ray photoelectron 
spectroscopy (XPS) was used.  In Figure 5.8, XPS survey scans of three gold electrodes 
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(an electrodeposited gold electrode, macroporous gold, and hierarchical gold) cleaned 
either by thoroughly rinsing in chloroform, treatment with KOH/H2O2, and/or exposure 
to UV radiation are shown.  In addition to gold, peaks were observed for carbon, oxygen, 
and nitrogen, the heights of which were strongly dependent on the cleaning method, 
Figure 5.9.  Nitrogen, observed on all the gold electrodes, likely arises from the gold 
plating solution as a bare, as-received gold electrode showed no nitrogen peak.  A small 
oxygen peak was observed only on the gold electrodes after the chloroform followed by 
either KOH/H2O2 cleaning and UV treatment. Of the cleaning methods investigated, 
washing with chloroform/acetone followed by UV radiation proved best.  When the 
electrodes were only cleaned with chloroform, which dissolves the PS, a large carbon 
peak and very small gold peaks were observed indicative that the outermost layer of the 
electrodes are contaminated.  Some remnants of the polystyrene likely remain on the 
surface.  After KOH/H2O2 cleaning, the gold peaks become larger and the carbon peak 
smaller.  After UV cleaning, however, the carbon peak becomes even smaller, the gold 
peaks even larger, and their peak ratios similar to that observed at the bare 
electrodeposited electrodes.  Irradiation with UV light for a day or two generates ozone, 
which oxidizes organic contaminates without disrupting the hierarchical framework. 
Since XPS is only sensitive to the outermost surface, this technique will not be able to 
integrate the satellite pores or the inner surface of the electrode.  Due to the nature of UV 
cleaning, however, it is believed that residual PS has also been removed from the small 
satellite pores as well.   
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Figure 5.8 XPS survey spectra for (A) electrodeposited flat gold (B) macroporous gold 
(1/2 layer; dia = 1200 nm) and (C) hierarchical porous gold (1/2 layer; 1200/60 nm). 
 
    Different gold surface cleaning methods have been studied and compared in Fischer’s 
work.
233
 Among all the cleaning methods, piranha solution, oxygen plasma cleaning, and 
electrochemical cleaning are not ideal for cleaning bimodal porous gold because these 
methods roughen the electrode surfaces and result in the loss of the fine structure of the 
bimodal porous gold. KOH+H2O2 alone is not effective in removing the polystyrene left 
after the electrode is soaked in an organic solvent. High intensity UV radiation is another 
method tried in this study, because UV can generate ozone, which will decompose the 
polymer into CO2 without etching away gold structure. UV, however, is not an effective 
 
Chloroform 
KOH + H2O2 
UV 
100 
 
way to remove bulk organic material, so combining organic solvent dissolution followed 
by UV cleaning was shown to be best.  
 
Figure 5.9 XPS survey spectra for electrodeposited flat gold, macroporous and 
hierarchical porous gold. 
 
    The comparison among three different types of gold slides was made. XPS surveys of 
three samples (deposited flat gold, macroporous gold, and hierarchical porous gold) after 
UV cleaning are shown in Figure 5.9. Besides gold peaks, carbon and oxygen peaks are 
clearly shown in all three samples. Also, there are small bumps at about 395 eV, which is 
at the nitrogen peak position, for all samples. The similar amount of nitrogen observed on 
the electrodeposited sample indicates that it does not entirely originate from the amino 
polystyrene sphere in the template, but from the gold plating solution. Thus, 
Au 
C N 
O 
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electrodeposited flat gold is a better control comparing with bare gold. With peak 
comparison, the ratio of carbon versus gold is 0.07 for hierarchical porous gold, 0.08 for 
macroporous gold, and 0.05 for electrodeposited flat gold, which are comparable to each 
other. We also compared other cleaning methods; so far, UV cleaning is the best, and we 
can consistently get similar result based on the same treatment. 
5.4.2 Surface Area Measurement 
    Two relevant areas of an electrode are (1) the geometric area measured with a ruler and 
(2) the real surface area as measured via cyclic voltammetry by integrating the charge 
required to reduce the gold oxide formed upon oxidation of the gold electrode immersed  
in 0.5 M H2SO4.  The real surface area can be calculated using the following formula, 
                                             Sr = Qm/edm 
where: Sr = real surface area, e = electron charge, dm = surface metal atom density, and 
Qm is 
 
 
and  x = (Eo - Ei)/v,   y = (Eo- Ef)/,v   Qm = charge due to monolayer formation,  v = scan 
rate,  I = current,  V = voltage,  Qdl = charge due to the double layer capacitance. 
From the CV data, the real surface area can be obtained by integrating the area under the 
reduction peak and then dividing by the scan rate and a constant 0.386 mC/cm
2
.
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        To determine how much the surface area increases, the CVs were obtained in 0.5 M 
H2SO4, and the charge required to reduce the gold oxide peak was measured. As expected, 
the area under the gold oxide stripping peak appearing at ~ 0.9 V increases upon going 
Qm = (1/v) IdE - Qdl  
y
x
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from a flat gold electrode, to a macroporous gold electrode, to a hierarchical gold 
electrode.  Using a conversion factor of 0.386 mC/cm
2
,
234,235
 the surface area of the 
electrodes were calculated to be 0.70 (± 0.02) cm
2
, N = 3; 1.24 (± 0.18) cm
2
,  N = 6 for 
the macroporous and ½ layer hierarchical gold electrode, respectively. N is the number  
of samples and the number in parenthesis is the standard deviation. The higher relative 
standard deviation (~ 3% vs 14%) for the hierarchical electrode is due to variations in the 
packing and the number density of the satellite nanowells inside the core nanowell.  
Compared to a bare gold electrode (geometric area = 0.32 cm
2
; real area = 0.34 cm
2
), the 
surface area of the macroporous electrodes were ~ 2x larger with a relative standard 
deviation of 2.85% while the hierarchical electrodes were ~ 3.9x larger with a ~14% 
relative standard deviation.  These numbers agree with theoretical calculations that 
indicate that the macroporous electrode should have an area 1.8x larger than a bare gold 
and the hierarchical 4.4x larger.  These calculations assume that the nanowells are 
hemispherical (Area = 2r2) and they pack in a close-packed arrangement either on the 
flat surface for the macroporous electrode or around the 1.2 m core sphere in the case of 
the hierarchical electrode. This assumption likely overestimates the area a small amount 
given that the packing is not perfect and the satellite nanowells are not all hemispherical 
as some are deeper than others as judged from the diameter of the openings as observed 
via SEM.  The calculation, however, does not take into account the surface roughness of 
the electrodeposited gold, which will increase the electrode area by a factor of ~ 1.1 to 
1.3.   
    For the hierarchical gold electrodes, the agreement between theory and experiment 
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supports the statement that almost all of the pores are interconnected and consequently 
contribute to the active surface area.  The approximate doubling of the electrode area is 
due to the hundreds of small satellite pores located in the large hemispherical well formed 
from the core sphere.   
 
 
 
 
 
 
 
 
 
 
Figure 5.10 Cyclic voltammetric curves of UV cleaned hierarchical (1200/60 nm), 
macroporous (1200 nm), and bare gold electrode in 0.5 M H2SO4.  Scan rate: 100 mV/s.  
Electrode area = 0.32 cm
2
.   
 
Table 5.2 Surface area data obtained from CVs of flat gold, half-layer porous gold films 
made from 1200 nm amine PS  templates and half-layer hierarchical porous gold film 
made from the  1200/60 nm hierarchical template. 
 
Sample Average surface area 
(cm
2
) 
STDEV STDEV/AVG Ratio to 
geometric area 
Flat gold 0.345 (n=2)   1.1 
½ NH2 0.703 (n=3) 0.020 2.85% 2.22 
½ Hierarchical 1.24 (n=6) 0.179 14.5% 3.92 
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5.5 Electrochemical studies 
Macroporous electrodes are particularly important in electrochemistry applications 
where they have been shown to be attractive supports for investigating the direct 
electrochemistry of small molecules, proteins, and enzymes either immobilized on their 
surface and/or in solution.  The higher surface area allows for a greater amount of an 
enzyme/protein to be immobilized.
120
  In addition, they have been shown to significantly 
increase signals, lower detection limits and improve sensitivity of biosensors because of 
their high surface areas.
227,236
  It is envisioned that the current “hierarchical macroporous 
electrodes” will have similar advantages but an even higher surface area due to the 
presence of the smaller pores formed from the satellite spheres. 
Electrochemistry at high surface area electrodes has been studied. For redox species 
that exchange electrons rapidly with the electrode surface, current does not scale linearly 
with electrode area.  For these redox species, the inner surface is not utilized because the 
redox species are completely depleted at the outer electrode surface. When the redox 
specie exchanges electrons slowly with the electrode surface, depletion does not take 
place as extensively as it does for a kinetically fast redox species.  Under these 
conditions, the inner surface area is used and Faradaic current can be significantly higher 
than that observed for a kinetically reversible redox couple.
225
 
   In this section, a multi-potentiostat was used to collect the electrochemical data.  A 
multi-potentiostat can work with eight independent cells or eight working electrodes in 
the same solution with a common reference and counter electrode. Figure 5.11 shows the 
experimental set up.  In this set-up, six working electrodes share one reference electrode 
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and one counter electrode, both of which are located in the center of the electrochemical 
cell. By setting it up this way, all the working electrodes will be same distance from the 
reference and counter (auxiliary) electrodes. Since the electrodes are all immersed in the 
same solution, the individual errors can be reduced.  
 
Figure 5.11 Experimental setup for the multichannel electrochemistry studies. The 
reference electrode (Ag/AgCl) and auxiliary electrode (Pt gauze) are indicated by the 
arrows in the figure. 
 
5.5.1 FcCH2OH  in KCl (reversible redox system) 
The clean hierarchical porous gold electrodes made with 1200/60 nm NH2/epoxy 
templates were used as working electrodes to acquire CVs in 1 mM ferrocene methanol / 
0.1 M KCl solution at scan rates of 0.1, 0.25, 0.5, 1, 5, 10, 20 V/s, respectively. Ferrocene 
is a reversible redox couple and exchanges electron quickly with an electrode surface. 
Comparisons were made to bare flat gold and to macroporous gold electrodes (½ layer 
and 1 ½ layers) made from 1200 nm diameter NH2 polystyrene spheres. The data are 
shown in Figure 5.12.    As can be seen, bare flat gold, macroporous gold, hierarchical 
porous gold and 1 ½ layer macroporous gold have very similar CVs at 0.01 V/s. The peak 
current for all the electrodes overlap except for the 1 ½ layer macroporous electrode. 
Ag/AgCl  
 
Pt Gauze 
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When the scan rate was increased from 0.01 V/s to 0.1 V/s and 1 V/s, the differences in 
the voltammograms become more obvious, with an increase in Faradaic peak current and 
a greater peak splitting being observed. This result can be attributed to the hidden inner 
surfaces of those porous structures becoming more useful as the time scale of the 
experiment gets shorter. As the scan rate increases, the time the potential is applied to the 
electrode becomes shorter and less redox species are depleted at the electrode surface 
relative to that taking place under slow scan rates. This allows some of the redox species 
to diffuse further into the inner porous structure and exchange electrons with the inner 
structure surface. Hence, an increase in current is observed. Simultaneously, the peak 
splitting of the CVs for all four electrodes increases as the scan rate increases (shown in 
Table 5.3). At low scan rates, the peak splitting for all four electrodes is 59 mV, which 
means that there is barely any Ohmic drop at slow scan rate and it is a kinetically 
reversible electrochemical process. The 1 ½ layer macroporous gold electrode shows both 
the highest current increases and the largest peak splitting. 
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Figure 5.12 CVs of 1 mM FcCH2OH in 0.1 M KCl at bare flat gold, macroporous gold, 
hierarchical porous gold, and 1 ½ layer macroporous gold electrodes at different scan 
rates. (A) 0.01 V/s, (B) 0.1 V/s and (C) 1 V/s.  
 
Table 5.3 Peak Splitting for bare flat gold, macroporous gold, hierarchical porous gold 
and 1 ½  layer macroporous gold at three scan rates from CVs in Figure 5.13. 
 
Scan rate \Sample Bare 
flat 
gold 
Macroporous 
gold 
Hierarchical 
porous gold 
1 ½ layer 
macroporous 
gold 
0.01 (V/s) Epc (V) 0.204 0.204 0.204 0.204 
Epa (V) 0.263 0.263 0.263 0.263 
ΔEp (mV) 59 59 59 59 
0.1 (V/s) Epc (V) 0.265 0.265 0.265 0.271 
Epa (V) 0.200 0.200 0.200 0.200 
ΔEp (mV) 65 65 65 71 
1 (V/s) Epc (V) 0.276 0.28 0.283 0.289 
Epa (V) 0.192 0.191 0.186 0.18 
ΔEp (mV) 84 89 97 109 
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In Figure 5.13, cyclic voltammograms of ferrocene methanol at sweep rates ranging 
from 0.01 V/s to 1 V/s are shown for each electrode. The current obtained at each 
electrode increases with scan rate.  
 
Figure 5.13 Cyclic voltammograms of 1 mM ferrocene methanol in 0.1 M KCl at 
different scan rates.  Bare flat gold (A), macroporous gold (B), hierarchical porous gold 
(C) and 1 ½ layer macroporous gold electrode (D) are shown. 
 
 A plot of the peak (anodic) faradic current versus the square root of scan rate is shown in 
Figure 5.14.  As expected for a diffusion controlled redox process, a linear fit is obtained 
at relatively low scan rates.  The results from the regression analysis are shown in Table 
5.4.  At higher scan rates, a positive deviation is observed for 1 ½ layer macroporous gold 
(A) (B) 
(C) (D) 
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electrode because more of the electrode area is utilized as described earlier. Theoretically, 
the slope of the curve should be linearly dependent on electrode area.   In this case, it can 
be seen that all three electrodes have the same or nearly the same slope, regardless of 
their electrode area. As described above, this is consistent with that previously observed 
for high surface area nanostructured electrodes for a redox species that exchanges 
electrons quickly with an electrode surface. To fully utilize the entire area, an 
electrochemically slow kinetic redox species should be used as described in the 
literature.
225
 
 
Figure 5.14 Plot of peak current (anodic) obtained versus square root of the scan rate. for 
1 mM ferrocene methanol in 0.1 M KCl (CVs shown in Figure 5.15) The solid lines:  
linear regression lines.  Only data acquired at slow scan rates (0.01 V/s to 0.1 V/s) were 
fit.   
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Table 5.4 Results from the regression analysis of anodic peak current vs. square root of 
scan rate for CVs of FcCH2OH on bare flat gold, macroporous gold and hierarchical 
porous gold in KCl. 
 
In Figure 5.15, cyclic voltammograms at sweep rates ranging from 0.01 V/s to 1 V/s 
are shown for each electrode in 0.1 M KCl solution. The current observed is non Faradaic 
current and arises from the charging of the electrical double layer on electrode surface.   
It can be described by the following equation, 
  Ic=  Cd,  
where  is the scan rate, and Cd is the capacitance representing the electrical double layer   
on the electrode surface. Typical values for metal electrodes are from 10 µF/cm
2 
to 40 
µF/cm
2
.
237
  From this equation, it can see that the charging current is proportional to the 
scan rate and the capacitance of the double layer, which is directly proportional to the 
electrode surface area. It can be described by the following equation, 
   Cdl = Adl/d, 
where εdl is the dielectric permittivity at the electrically charged double layer; A is the 
electrode area, and d is the thickness of the double layer.
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   In Figure 5.16, charging current measured from the CVs at 0.05 V (see Figure 5.16B) is 
Sample Intercept (µA) Slope 
(µAs
1/2
V
(-1/2)
) 
R
2
 
Bare flat gold (black) 0 58.19 0.9997 
Macroporous  gold (red) 0 61.75 0.9996 
Hierarchical porous gold (green) 0 62.19 0.9987 
1 ½ layered macroporous gold (blue) 0 67.79 0.9907 
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plotted against the scan rate for all four electrodes. As expected, a linear relationship was 
obtained for all electrodes except for the 1 ½ layer macroporous gold which is only linear 
at slow scan rates. Results from the regression analysis are given in Table 5.5.  As can be 
seen, the slope increases by a factor of 3, 5 and 7 times relative to a bare flat electrode, 
for macroporous gold, hierarchical porous gold and 1 ½ layer macroporous gold, 
respectively.   
 
Figure 5.15 CVs at bare flat gold, macroporous gold, hierarchical porous gold, and 1 ½ 
layer macroporous gold electrodes in 0.1 M KCl at different scan rates (A) 0.01 V/s, (B) 
0.1 V/s and (C) 1 V/s. 
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(A) 
 
 
(B) 
 
 
 
 
 
 
 
Figure 5.16 (A) Plot of charging current measured at E = 0.05 V versus scan rate for four 
different electrodes, bare flat gold (black), macroporous gold (red), hierarchical porous 
gold (blue), and 1 ½ layered macroporus gold (green). The solid lines are linear 
regression lines. (B) Simplified view of how the charging current was measured:  by 
measuring i at 0.05 V and dividing by 2.    
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Table 5.5 Results from the regression analysis of charging current vs. scan rate for 
FcCH2OH on bare flat gold, macroporous gold and hierarchical porous gold in KCl. 
 
5.5.2 FcSH adsorbed redox system 
    In addition to studying the electrochemistry at these electrodes with a diffusing redox 
probe in solution, we also examined the electrochemistry of a redox probe adsorbed on 
the electrode surface.  In this experiment, the electrodes were immersed in a 1 mM FcSH/ 
ethanol solution for 24 h right after the UV cleaning to self assemble a monolayer of 
ferrocene-thiol molecules on the gold surface. The gold slides were rinsed with ethanol, 
deionized water and dried with N2 prior to use.  In this case, 1 M HClO4 was used as the 
supporting electrolyte because of the ion pairing between Fc
+
 and ClO4
-
, which can help 
the electron transfer.
239
 Figure 5.17 shows the CV obtained for FcSH self-assembled on 
bare flat gold, macroporous gold and hierarchical porous gold.   
Sample Intercept 
(µA) 
Slope 
(µAs/V) 
R
2
 
Bare flat gold (dark red) 0 7.246 0.9990 
Macroporous  gold (orange) -0.0298 22.3300 0.9988 
Hierarchical porous gold (dark yellow) 0.0373 37.63 0.9966 
1 ½ layered macroporous gold (green) 0.0838 52.10 0.8699 
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Figure 5.17 CVs of FcSH self-assembled gold electrodes in 1 M HClO4 at different scan 
rates.  (A) Bare flat gold (B) Macroporous gold and (C) Hierarchical porous gold. Arrows 
show the direction of the scan. 
 
 For an adsorbed redox couple exhibiting reversible electron transfer kinetics, the peak 
current is given by the following equation, 
ip = (n
2
F
2
/4RT)AГ*       
where the peak current (ip) is directly related to the concentration of the total adsorbed 
redox species (Г*), scan rate () and electrode area (A) and the number of electrons 
transferred (n). For an adsorbed redox couple, the peak current should be directly 
proportional to the scan rate. Figure 5.18 shows the plot of peak Faradaic current vs. scan 
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rate for the bare flat gold, macroporous gold, and hierarchical porous gold. As expected 
for a surface adsorbed redox couple at slow scan rates, peak current (both anodic and 
cathodic) is directly proportional to scan rate.  Results from the regression analysis are 
shown in Table 5.6. The R
2
 numbers of the linear regressions are very close to 1. 
 
 
Figure 5.18 Plot of peak current vs. scan rate for FcSH assembled gold electrodes in 1 M 
HClO4. (A) Bare flat gold (B) Macroporous gold and (C) Hierarchical porous gold.  The 
solid lines are linear regression lines. 
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Table 5.6 Results from the regression analysis of peak current vs. scan rate for FcSH 
adsorbed on bare flat gold, macroporous gold and hierarchical porous gold in 1M HClO4. 
 
     For an ideal system that is kinetically reversible, Epa = Epc, Ep = 0, and ΔEp,1/2 = 
3.53RT/nF = 90.6/n (mV). However, this situation is rarely obtained. As discussed in 
chapter 2, the FWHM (full width at half max) and the shape of the CV shape are 
influenced by the interactions among the molecules assembled on the electrode 
surface.
149
 Previous work on electrochemistry of assembled redox species showed that 
the peaks are often sharper and have a FWHM less than 90.6 mV when the assembled 
layer is densely packed electroactive SAMs.
240
 And broad peaks are caused by a 
distribution of formal potentials.
241
 On bare flat gold, the CV peaks are sharper than those 
obtained for macroporous and hierarchical porous gold. It is likely the ferrocene 
molecules are located closer to each other on flat gold compared to nanostructured gold, 
giving rise to narrow distribution of formal potentials. On macroporous and hierarchical 
gold electrodes, the peaks are much broader likely due to the curvature present on the 
nanostructured electrodes. On the FcSH assembled gold electrode, neighboring HSFc
+
 
molecules will repel each other at positive potentials after ferrocene is oxidized. 
 In addition, the difference between the cathodic and anodic peak positions (Ep) is 
often greater than 0 mV. Ep also depends on electron transfer kinetics. We see similar 
results on bare, flat gold, Table 5.7 and Table 5.8. The shift of the peak position relative 
Sample (anodic current) Intercept (µA) Slope (µAs/V) R
2
 
Bare flat gold 0 -44.52  0.9993  
Macroporous 0 -30.30 0.9991 
Hierarchical porous gold 0 -53.45 0.9986 
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to formal potential of the redox couple depends on the adsorption of Fc
+
 and Fc. In our 
system, the 1 M HClO4 solution is a strong acid media with very low pH value, in which 
the repulse of the molecules assembled are stronger in Fc
+
 form. Thus the adsorption 
strenghth of Fc is stronger than that of Fc
+
. As a  result, the anodic wave occurs at a more 
positive potential than the formal potential. As the curvature of the surface becomes 
bigger from bare flat gold to macroporous gold to hierarchical porous gold, the repulsion 
among the molecules become larger, thus the peak spliting Ep is increasing. 
 
Table 5.7 Peak splitting (Ep in mV) for bare flat gold, macroporous gold and 
hierarchical porous gold at different scan rates. 
 
scan rate (V/s) 0.1 0.08 0.06 0.04 0.02 
Ep (mV), Bare flat gold 34 34 32 29 23 
Ep (mV), Macroporous gold 35 35 32 36 22 
Ep (mV), Hierarchical porous gold 43 50 43 37 31 
 
Table 5.8 Anodic FWHM and cathodic FWHM of the voltammetric curves obtained at 
20 mV/s for FcSH assembled electrodes: bare flat gold, macroporous gold and 
hierarchical porous gold.   
 
Sample\ Full width at half max Cathodic FWHM (mV) Anodic FWHM (mV) 
Bare flat gold 60 50 
Macroporous gold 125 119 
Hierarchical porous gold 123 124 
 
The amount of ferrocene adsorbed on the electrodes can be determined by measuring 
the area underneath the voltammetric peak. The results from such an analysis are given in 
Table 5.9.  The area under the anodic peak is larger for macroporous and hierarchical 
porous gold compared to bare flat gold due to their higher surface areas. For the 
hierarchical gold electrode, the area underneath the anodic peak is ca. 2 times bigger than 
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the macroporous electrode consistent with its 2 times larger electrode area. When the area 
underneath the voltammetric curve is divided by the electrode area, surface coverage in 
terms of moles/cm
2
 can be obtained. For both the hierarchical and macroporus gold 
electrodes, similar values were obtained.  For the bare, flat electrode, a significantly 
higher surface coverage was obtained. The ferrocene molecules can assemble 
significantly closer on a flat gold electrode than they can on a nanostructured gold 
electrode with significant curvature giving rise to a larger surface coverage.   
 
Table 5.9 The integrated area under the anodic voltammetric peaks acquired  at 20 mV/s 
for bare flat gold, macroporous gold and hierarchical porous gold in 1.0 M HClO4.   
 
Sample Bare flat gold Macroporous gold Hierarchical porous gold 
Area under the 
anodic peak (µC) 
6.16 4.51 8.45 
Surface coverage 
(mole/cm
2
) 
1.85x10
-10
 6.65x10
-11
 7.06x10
-11
 
  
5.5.3  Protein biofouling study 
    Nanostructured surfaces have been shown to be more biocompatible relative to “flat” 
surfaces. They have been shown to be attractive supports for investigating the direct 
electrochemistry of small molecules, proteins,
242
 and enzymes
243
 either immobilized on 
their surface and/or in solution. The direct electrochemistry of various biomolecules 
including cytochrome c,
244
 myoglobin, hemoglobin,
245
 horseradish peroxidase,
246
 glucose 
oxidase,
247
 acetylcholine esterase,
248
 has been made possible without the use of mediators 
or surface promoters. Attributes of nanostructured electrodes include a significantly 
higher surface area (greater number of sites for electron transfer (ET) and ideal surface 
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topography designed to decrease the effective distance for ET between the electrode and 
redox active group in a protein, to allow adsorption to take place without passivation of 
the electrode surface (i.e., biocompatibility). Hierarchical electrodes have an additional 
attribute that is particularly important in this line of research: pores on more than one 
length scale.  Such electrodes are needed for this application because nanopores can 
increase the effective surface area, while macropores can enhance the diffusion and 
provide a more direct electron transfer pathway. In this work, we examine the 
electroactivity of a redox probe (potassium ferricyanide, Fe(CN)6
3-
) in the presence and 
absence of common biofouling agents (bolvine serum albumin, BSA) and the ability of a 
biological redox probe (cytochrome c) to exchange electrons with nanostructured 
electrodes.   
     The premise behind these experiments is that if albumin adsorbs on the electrode 
surface, it will impede the electron transfer of ferricyanide.  In a CV experiment, this will 
be manifested by an increase in Ep and a decrease in peak Faradaic current. The 
presence of albumin on the surface of the electrode can be independently evaluated using 
XPS, where the presence of nitrogen and/or sulfur confirms that albumin has adsorbed on 
the electrode surface.   
    In these experiments, the UV-cleaned Au electrode was placed in a solution of 
potassium ferricyanide (2 mM, 0.1 M KCl PBS, pH 6.3) and a cyclic voltammogram was 
acquired at 100 mV/s.  Bovine serum albumin (BSA) was added to the solution and CVs 
were acquired over the course of an hour.  The data shown were collected at different 
time intervals of 1, 2, 5, 8, 12, 16, 20, 30, 40 and 60 min after addition of BSA.   
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Figure 5.19a shows representative results. Initially, before addition of BSA, the 
voltammetric peak shape of Fe(CN)6
3-
 observed at all three electrodes is consistent with a 
diffusion controlled, reversible redox probe freely exchanging electrons with the 
electrode surface, with  Ep ~ 80 mV. After addition of BSA, the current decreases, Ep 
increases, and the shape of the voltammetric curve becomes less peaked shaped and more 
‘flat’ indicative that BSA is adsorbing on the electrode surfaces and impeding electron 
transfer. The extent at which the current drops and the shape of the voltammetric curve 
change depends on the electrode. At a bare, flat electrode, the current drops significantly 
faster than at the nanostructured electrodes.  In addition, the shape of the CV changes 
more dramatically for the bare electrode compared to the hierarchical electrode. 
Qualitatively, the hierarchical electrodes perform better.   
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 Figure 5.19 CVs of 2 mM K3Fe(CN)6, 0.1 M KCl, PBS, 25 mM, pH 6.3  before and 
after the addition of BSA (final concentration 2 mg/mL) for (A) electrodeposited flat gold, 
(B) macroporous gold, and (C) hierarchical porous gold electrodes.  Scan rate:  0.1 V/s. 
 
(A) 
(B) 
(C) 
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To more quantitatively evaluate the three electrodes, the normalized current at 
0.18 V was plotted as a function of the length of time after the addition of BSA to the 
solution of potassium ferricyanide.  The data has been normalized by dividing the current 
at 0.18 V by the current measured before the addition of BSA.  For all three electrodes, 
the normalized peak current decreased.  However, for the structured electrodes, the drop 
was significantly smaller than that observed at a bare flat electrode.  Of the three 
electrodes, hierarchical porous gold showed the smallest drop.  In this case, significant 
Faradaic current can still be observed one hour after the addition the BSA.   
  
Figure 5.20 Plot of normalized CV current at the peak potential (0.18 V)  before and after 
the addition of 2 mg/mL of BSA to solution.  The current ratio was obtained by dividing 
the peak Faradaic current at t > 0 by the peak Faradaic current at t = 0.    
 
Another parameter that can be measured is Ep.  Peak splitting is related to the 
kinetics of the electron transfer. A blocked (fouled) surface will slow down the rate of 
electron transfer, which will evident by increase in Ep.  Figure 5.21 shows how Ep for 
potassium ferricyande changes after the addition of BSA to the solution for the two 
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structured electrodes. As can be seen, Ep increases quickly for the macroporous 
electrode and much more slowly for the hierarchical porous gold electrode. These results 
indicate that the hierarchical electrode was significantly more successful in being able to 
study the electrochemistry of a diffusing redox probe in a solution containing albumin 
compared to “flat” gold, which showed complete passivation in a very short time. 
 
Figure 5.21 Plot of Ep before and after the addition of BSA (final concentration: 2 mg 
/mL).  The cyclic voltammetric data is shown in Figure 5.18.   
 
It is believed that porous, structured gold electrodes are better than flat, bare gold for 
doing electrochemistry in the prescence of possible biofouling agents for two main 
reasons: (1) Compared with flat gold, porous gold of the same geometric area will have a 
real surface area increase of about 2 times for macroporous gold, and 3.5 times for 
hierarchical porous gold. As a result, it will take longer for BSA to completely cover the 
entire electrode surface. (2) The “roughness” of the macroporous and hierarchical porous 
gold electrodes make the blocking of the surface by protein adsorption less effective, 
which means that there are still many active sites available for the electron transfer to 
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take place. To evaluate if the increased surface area contributes, an electrodeposited flat 
gold electrode with the same surface area as the real surface area of the hierarchical 
porous gold was used. The results are shown in Figure 5.22. As can be seen, the current 
drop and the change in the shape of the CV is very fast similar to that observed for the 
small electrodeposited flat gold shown in Figure 5.18. This indicates that the increased 
surface area of hierarchical porous gold is not the reason why it takes longer to passivate 
compared to bare, flat gold.  Thus, surface morphology appears to be the main cause.       
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.22 (A) CVs of 2 mM K3Fe(CN)6, 0.1 M KCl, PBS, 25 mM, pH 6.3 at 0.1 V/s 
before and after the addition of 2 mg/ml BSA at a large electrodeposited flat gold with the 
same surface area as bimodal porous gold electrodes (~ 0.32cm
2
). (B) Current change at 
the peak potential of the initial CV versus time. (C) Normalized current change (by 
dividing by the peak current in the initial CV) in (B) versus the current change of the 
small flat gold. 
(A) (B)
(C) 
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To examine the electroactivity of potassium ferricyanide at a surface that was fully coated 
with BSA, the electrodes were soaked in the BSA solution for about 4 days. From the 
CVs shown in Figure 5.23, no Faradaic current can be observed for potassium 
ferricyanide because the surface of all three electrodes are completely covered with BSA.  
It can also be seen that the charging current is consistent with the real surface area ratio, 
hierarchical porous gold > macroporous gold > deposited flat gold with the ratio of about 
3.5: 2:1.  These results indicate that those electrodes are saturated with BSA and the 
structured surface morphology does not completely prevent protein adsorption. 
 
   
Figure 5.23 CVs of 2 mM K3Fe(CN)6, 0.1 M KCl, and PBS, 25 mM, pH 6.3 at 0.1 V/s 
for gold electrodes soaked in BSA (2 mM concentration)  solution for 48 h.  
 
  The surface of all the electrodes were examined before exposure to BSA using 
SEM. Figure 5.24 shows the SEM images of the four different electrodes before exposure 
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to BSA. As can be seen, the bare flat gold has a very different surface morphology 
compared with electrodeposited flat gold. A smoother surface will result in a faster 
biofouling process. Since both macroporous gold electrodes and hierarchical porous gold 
electrodes are made by electrodeposition using the same plating solution as the 
electrodeposited flat gold, electrodeposited flat gold is a better control than bare flat gold. 
The reason of the prolonged adsorption process is probably because the rough and 
irregular surface of biomodal porous gold makes complete blocking difficult.  
 
Figure 5.24 SEM images of (a) as-received bare flat gold (b) electrodeposited flat gold (c) 
macroporous gold, and  (d) hierarchical porous gold. 
 
    Figure 5.25 shows the CV of bare flat gold and hierarchical porous gold in 0.1 mM 
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cytochrome c in PBS buffer (25 mM, pH = 7) at 0.1 V/s.  At a bare electrode, no current 
was observed because cytochrome c (pigeon heart) adsorbs and denatures on the 
electrode surface as noted in the published literature.
249,250
 For the hierarchical porous 
electrodes, however, direct electrochemistry can be observed as evident from the peak 
centered near 0.06 V. Direct electrochemistry has also been observed on gold particle 
electrodes.
251,252
 Consistent with the results shown earlier using potassium ferrcyanide as 
a redox probe, this result also indicates that hierarchical porous gold is less prone to 
blocking and/or denaturation or otherwise peak would not be observed. A similar drop in 
current was observed as the electrode remained in the solution of cytochrome c for longer 
periods of time. 
 
 
Figure 5.25 CV at bare flat and hierarchical porous gold in 1 mM cytochrome c (pigeon 
heart) in 25 mM PBS buffer (pH=7) at 0.1 V/s. 
 
XPS was used to confirm the electrochemistry findings. XPS samples were prepared 
by soaking a bare flat electrode, a flat electrodeposited electrode, a macroporous 
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electrode and a hierarchical porous electrode in 1 mM Fe(CN)6
3-
/ 0.1 M KCl/ 0.025 M 
PBS(pH=7)/ 2 mM BSA solution for different times. XPS spectra are shown in Figure 
5.26. As can be seen, both N and C peaks increase and Au peak decreases after a 10 min 
and 60 min exposure to BSA.  The S peak can not be clearly distinguished in these 
spectra.  This result indicates that BSA is adsorbing on the electrode surface.  To more 
quantitatively evaluate the data, the area under the nitrogen peak was analyzed.  In this 
experiment, a 50 eV pass energy and a step size of 0.100 eV were used. Average values of 
10 scans at three different positions for each sample were taken. From the results shown 
in figure 5.27, it can be seen that the nitrogen content increased after the electrode was 
soaked in BSA for 10 minutes, indicative of protein adsorption. 
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Figure 5.26 XPS survey spectra of bare flat gold, deposited flat gold, macroporous gold 
and hierarchical porous gold after soaking in the Fe(CN)6
3-
/KCl/PBS/BSA solution for 
(A) 0 min, (B) 10 min and (C) 60 min. XPS survey parameters were 150 eV pass energy, 
3 scans, and 0.100 eV step size  
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Figure 5.27 Nitrogen (1s) peaks from XPS data of (A) bare flat gold, (B) deposited flat 
gold, (C) macroporous gold and (D) hierarchical porous gold after soaking in the 
Fe(CN)6
3-
/KCl/PBS/BSA solution before and after addition of BSA  XPS parameters 
were 50 eV pass energy, 10 scans, and 0.100 eV step size. 
 
Peak comparison can be a little tricky there in XPS as there are many factors that 
influence the XPS signals.  One important variable is the collection efficiency of the 
instrument.  The increased surface area for porous gold will result in more signal 
collection than the flat gold for the same XPS beam size. Also, the roughness of the 
surface will result in scattering of the signals, thus lowering the signal collection 
efficiency. To exclude these influencing factors, a comparison was made by taking the 
ratio of the N content to the saturated N content. Specifically, for each electrode, the N 
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data was normalized by taking the area under the N curve at t>0 and dividing it by the 
area under the nitrogen peak acquired for the saturated BSA. In this manner, direct 
comparisons can be made because the data has been corrected for changes in the 
collection efficiency of the instrument. Before exposure to BSA, all three electrodes have 
small nitrogen content that can be barely noticed in the XPS surveys shown in Fig 5.11. 
For electrodeposited flat gold, the nitrogen content after a 10 min and 60 min exposure to 
BSA were not much different, which is in consistent with the fact that the passivation 
(BSA adsorption) takes place very fast.  In 10 min, the electrode is fully covered with 
enough BSA to passivate the surface since the protein likely unravels on flat gold and 
occupies more of the surface. For the macroporous and hierarchical porous gold, 
significant N content can be observed after 10 min, with small increases seen at a longer 
times (60 min, 4 days). This means that there are still a significant amount of active sites 
available on the surface and the adsorption still happens at a noticeable rate. Similar N 
content was observed for three electrode surfaces at 10 mins and 60 mins, with some 
variations. However, it takes longer for hierarchical porous gold electrode to passivate, 
consistent with the electrochemistry results. Excluding the possibility of having 
significantly different adsorption processes at the different electrodes, we can conclude at 
this point that passivation is less effective on the porous surfaces because it is harder to 
completely block the entire gold surface. Electron transfer can still take place on exposed 
areas. In addition, for the hierarchical electrodes, diffusion of BSA may be hindered in 
the small satellite pores relative to significantly smaller Fe(CN)6
3-
 molecules.  Thus, 
differences in the transport rates in the small inner pore may also help prolong the 
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observation time window.  
 
 
Figure 5.28 Normalized N (1s) XPS before and after exposure to BSA. Solution:  
Fe(CN)6
3-
/KCl/BSA/PBS for electrodeposited flat gold, macromorous gold, and 
hierarchical porous gold. Error bar corresponds to relative standard deviation N = 3 
 
There are two possible reasons for the longer passivation (1) On the curvy surface of 
bimodal gold, the complete coverage of the surface is impossible in relative short time. 
As shown in Figure 5.29(a), There are still quite a few sites available for the electron 
transfer between the redox couple and the electrode surface, so the signal won’t be 
completely blocked in a fast process. (2) Adsorption in the secondary pore is slower due 
to the slower diffusion rate. As shown in Fig. 5.29 (b), the satellite pores are of 60 nm 
size and 20 nm opening, which means that the diffusion into the dead end pores will be 
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much slower, especially for the relatively big proteins. Thus the inner surface won’t be 
blocked as fast, and provide enough sites for electron transfer there. 
 
Figure 5.29 Possible meachanisms for the longer passivation process of bimodal porous 
gold electrode. 
 
5.6 Conclusion 
    In this work, hierarchical porous gold electrodes were fabricated by a hard templating 
method using hierarchical templates. The structured electrode obtained showed a higher 
surface area and retarded the passivation of its surface with BSA. In chapter 3, the 
advantages of using a single hierarchical template with well-defined sizes in fabricating 
hierarchical porous materials were clearly addressed. What can be concluded at this point 
is that adsorption does take place on hierarchical porous surfaces, and it does not scale 
with increase in surface area. But the process is much slower compared with flat gold 
thus providing a prolonged observation time window. The reason that the “rough” surface 
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is not easily electrochemically passivated is likely because of the “antenna” effect, where 
there are still significant locations for electron transfer to take place even with protein 
adsorption. 
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Chapter 6 Hollow sphere with well defined windows on the shell 
6.1 Introduction  
In this chapter, the fabrication and characterization of a well-defined porous hollow 
capsule with asymmetric pores in the shell using a hard templating method and the 
1500/110 nm COOH-NH2 hierarchical raspberry-like template is described. The major 
objective of this study is to show hierarchical templates can be used to create porous 
capsules with asymmetric windows with potential applications in medicine and pollution 
treatment. 
6.2 Background  
          A key challenge in material design and fabrication is the ability to control pore 
architecture, whether it be at the micro-, meso-, or macropore level or a combination of 
levels as in the case of hierarchical structures.  Not only is size important, but also the 
distribution in size, shape, order of the pores (both long range and short range), 
interconnectivity, and number density. Such physical characteristics play an important 
role in the performance of such materials, particularly in applications that require fast 
and/or efficient transport into and out of the porous structure. Inorganic porous capsules 
are one such structure.
124,253-256
 These materials have a morphology that consists of an 
interior void and a porous inorganic shell and have served as microreactors, drug storage 
containers, and adsorbants for applications ranging from chemical sensing, drug delivery, 
to separation and filtering.
124,257
 The pore channel(s) in the capsule shell plays an 
important role in this architecture, as this is the location where loading and releasing of 
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the desired molecules takes place.  
During the past decade, there have been many reports on the preparation and 
characterization of hollow capsules with a porous shell using various approaches that 
include layer-by-layer (LBL) assembly, direct chemical deposition or adsorption, soft 
templating, and nanocasting.
124,182,257,258
 Many of those porous shells contain nonuniform, 
randomly distributed pores innate to the material itself while others have more directed 
porosity created via the use of a secondary template such as a surfactant/block 
copolymer.
96,97,259
 Such secondary pores are typically nanometers in size, which are not 
necessarily efficient for applications that require fast loading and release characteristics. 
To address this challenge, more recent work has focused on the introduction of a large, 
single hole into the polymer capsule structure 
260-265
 and/or a collection of holes 
(windows) of nonuniform size scattered around the surface of the capsule.
266-270
 These 
nanometer to micron- sized holes are valuable because they provide an efficient pathway 
for chemical loading and releasing. However, explicit control over the size of the 
windows, their number density, and how they are connected to interior is needed.   
In this work, hollow capsules with well-defined pore architecture have been fabricated 
by the hard templating route using a raspberry-like hierarchical template formed by 
chemically coupling a large (1500 nm) polystyrene (PS) core sphere to an ensemble of 
small (110 nm) satellite spheres.
154
 The interconnectivity between pores is guaranteed by 
the bonding between core and satellite spheres while the size of the windows is controlled 
by the size of the satellite sphere. The porous silica capsule thus produced has a high 
density of asymmetric pores (windows) providing a direct path from interior to exterior 
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and vice versa. The asymmetric pores thus produced provide a short diffusional pathway 
from one side to the other, potentially leading to asymmetric diffusion with the ability of 
ions to more readily pass through in one direction than the other.
271
 Compared with 
polymeric shells, the rigid nature of silica capsule provides fixed void space and shape, 
which can be potentially useful when used as storage and/or reaction containers. 
6.3 Fabrication process   
 The fabrication process, depicted in Figure 6.1, is relatively straightforward. The 
hierarchical template was made by the carbodiimide coupling of COOH groups located 
on the core polystyrene sphere and NH2 groups on the satellite polystyrene spheres as 
previously described.
154
 The hierarchical template (1500/110 nm) was mixed with a 2-day 
old aged sol formed by hydrolyzing tetraethoxysilane (TEOS, 1.3 mL) in the presence of 
water (0.3 mL), ethanol (2 mL), and HCl (0.1 M, 0.3 mL). After soaking for 5 min, the 
templates were separated from the solution by centrifugation, re-dispersed in 25 µL of 
concentrated acetic acid by quick votexing and then immediately spin coated onto a 
polystyrene coated hydrophobic glass slide at 8000 rpm. The spun slides were dried at 
40−45% humidity at room temperature for 1-2 days to strengthen the silica framework.  
Upon immersion in chloroform, the underlying polystyrene layer was removed thus 
releasing the silica coated templates into solution; the polystyrene template also dissolved 
at the same time. The silica capsules thus produced were collected and washed via 
filtration by cellulose membrane in a funnel and calcined at 450 
o
C for 5 h (ramp of 5 
o
C/min) to ensure all the polystyrene was removed.  Scanning electron microscopy (SEM) 
and scanning transmission electron microscopy (STEM) were used to characterize the 
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materials.  
(a)  
 
(b) 
          
Figure 6.1 (a) Overview of the fabrication process and (b) simplified 2D images of the 
fabrication strategy.  
 
6.4 Characterzations 
To form a porous capsule with a closely packed ensemble of well-defined windows, 
(as in Figure 6.2 (c)) the silica sol must uniformly coat the inner sphere but, most 
Glass 
PS coated glass
Spin coat
Release 
into solution
Templates soaked in sol
Discard sol, and redisperse templates
Polystyrene
Silica sol
Acetic acid
Chloroform
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importantly, not encase the entire template (as in Figure 6.2 (a) or (b)). If the silica sol 
polymerizes around the entire structure, the result would be a macroscopically rough 
silica capsule with a bimodal inner pore structure but without clear openings (windows) 
to the external environment as shown in Figure 6.2 (a) and (b). The problem is 
compounded in this work because the satellite spheres have residual NH2 groups on the 
surface, which catalyze the condensation of silica that may result in localized deposition 
of silica. To circumvent this problem, the sol-coated hierarchical latex spheres were 
dispersed in acetic acid and spin coated on an appropriate substrate.  The sheer act of spin 
coating causes excess sol to be flung off the template/surface creating a thin shell.  Most 
importantly, during spin coating, the residual sol wicks down the sides on the satellite 
spheres, thus exposing their tops while still producing the silica shell around the core. 
This process has been noted in prior work as a means to form nanowells that are open on 
the top and bottom by spin coating latex spheres doped in a silica sol on a planar 
surface.
231,272,273
 The only difference in the present work is that the surface is not a planar 
surface but rather a spherical one. The sacrificial polymer layer on the glass slide enables 
the capsules to then be transferred back into solution, if so desired.  
(a)      (b)       (c)  
Figure 6.2 Schematic depictions of possible encapsulation styles (a) encasing the 
entire template, (b) encasing both the core and satellite spheres, and (c) coating only on 
the inner sphere. 
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 The windows that ultimately form on the capsule upon removal of the templates will be 
asymmetric as the outside diameter will be larger than the inside diameter.
231
 The 
diameter of the window located on the outside of the capsule is primarily determined by 
the size of the satellite sphere and extent at which the sol wicks down the sphere while 
the diameter of the pore leading to the interior of the capsule depends on the how much 
contact the satellite sphere makes with the inner core sphere.
231
  The size of the inner 
pore will also be influenced by the calcination process. Capsules without calcination 
treatment have very tiny inner holes that are hardly observed from SEM images. 
The distribution of sol coated templates on the PS-glass slide is shown in Figure 6.3 
(A). As can be seen, there are monomers, dimers and polymers, which are inevitably 
formed by using the spin coating method. In Figure 6.3 (B), silica sol was trapped in the 
space between the satellite spheres without covering the top of the satellite spheres. This 
will later transform into the silica shell of the capsule, and the shell windows will form 
when the satellite spheres are removed. The size of the hierarchical template is 1500 nm/ 
110 nm, so the shell thickness formed should be about 50-60 nm as estimated from 
Figure 6.3 (B). 
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Figure 6.3 SEM images of silica sol coated 1500 nm/ 110 nm hierarchical templates 
dispersed on the PS-coated glass slide. (A), (B), and (C) are different magnifications. (D) 
is a cartoon of the side view of the slide.  
 
Figure 6.4 shows SEM images of the porous capsules formed by directly calcining the 
glass slide/silica coated templates while Figure 6.4 (B) shows the porous capsules 
released into solution (chloroform) followed by calcination. In both images, the diameters 
of the capsules are ~ 1400 nm and the outer openings of the windows are ~ 100 nm size. 
These sizes are slightly smaller than the raspberry templates used for the fabrication 
(1500/110 nm) due to the shrinkage associated with the calcination. The acetic acid used 
to redisperse the sol-coated templates is necessary for spreading them evenly on the 
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polystyrene-coated glass surface. It is inevitable that there will be dimers, trimers, and 
polymers formed because of the spin coating method employed. Using more acetic acid 
(50 µL) to disperse the sol-coated templates can help reduce the aggregation. 
  
 
Figure 6.4 (A) SEM image of the porous capsule obtained by direct calcination after spin 
coating on a glass slide. (B) SEM image of porous capsules after releasing them back into 
solution and calcination. 
 
  In Figure 6.4 (B), what appears to be a ‘button’ (a small circular raised area with several 
holes in its center) can be seen on many of the capsules. When the silica sol-coated 
template is spin coated on the polystyrene coated glass slide, it makes contact with the 
surface resulting in the trapping of sol at this location. The small volume of trapped sol 
leads to the formation of the “button” upon gelation as shown in Figure 6.3 (D).  As long 
as the capsules remain on the slide, the button can not be easily seen (Figure 6.4 (A)). 
When the capsules are removed from the surface, redispersed in solution, and then cast 
on another slide, the button becomes visible (Figure 6.4 (B)) on the capsules with the 
bottom side facing up. The “buttons” can also be easily distinguishable from the STEM 
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images shown in Fig. 6.5.  The arrow indicates the locations of the “buttons”. The 
average size of the “buttons” is ~ 600 – 700 nm. The size of the button can be reduced by 
further diluting the sol-coated hierarchical templates in acetic acid and/or increasing the 
rate of spin coating but often at the expense of shell thickness and integrity, leading to 
broken capsules.  Representative STEM images of broken capsules obtained by the two 
ways mentioned above are shown in Figure 6.6.  
 
Figure 6.5 STEM images of hollow capsules at a large (A) and small (B) magnification.  
The arrows show the locations of the “buttons”. 
 
 
Figure 6.6 STEM images of broken porous capsules formed when they were redispersed 
in more acetic acid (50 µL). (A) secondary electron image; (B) transmission electron 
image. 
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 To help understand the architecture of the capsule, a 3D model of a hierarchical sphere 
and its corresponding porous, hollow capsule were created by 3D Max software, Figure 
6.7 (A). The SEM image of a hierarchical capsule shown in Figure 6.7 (C) matches what 
is shown in the model, Figure 6.7 (A):  a capsule with a closely packed ensemble of 
asymmetric pores (windows) through the shell.  The number density of pores in the shell 
is high, because the satellite spheres are closely packed on the surface of the core sphere.  
The diameters of the windows located on the exterior surface of the capsule are larger 
than the openings on the inner surface, thus giving rise to an asymmetric pore.  A clear 
depiction of the inner window can be seen in Figure 6.7 (D), which shows the inside of a 
broken capsule obtained by sonication. The diameters of the inner pores estimated from 
this SEM image are ~30 nm. A magnified image of the outer windows, which are ~ 100 
nm in diameter, can be seen in the center inset, which shows the outer diameter to be 
~100 to 110 nm.  Both these images indicate that the pores are asymmetric and transverse 
through the shell. The asymmetry factor, defined as the diameter of the outer window to 
the diameter of the inner window, is ~ 3. The thickness of the shell, estimated from this 
image, is 75 nm given that the edges of the outer openings are a little thicker than the real 
shell.  
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Figure 6.7 (A) 3D scheme of the fabrication strategy; SEM images of (B) hierarchical 
template (C) porous capsule (D) inner opening of the pores on the shell and (E) TEM 
image of a broken shell. Inset is a blowup of the outer surface of the capsule. Scale bar is 
100 nm. 
  
 Similar results are also observed in the STEM images shown in Figure 6.7 (E).  The 
pores (windows) are clearly open from outside to inside as evident from the bright 
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centers, which are also ~ 30 nm in diameter. In the button area, only the center has 
several openings.  These openings form at the place(s) where the satellite spheres touch 
the polymer coated substrate. 
AFM was also used to characterize the porous capsule shell. Because resolution is 
defined by the sharpness of the AFM tip, height or depth information obtained by AFM 
has to be viewed carefully. Figure 6.8 shows the AFM images of the top surface of the 
1500/110 nm COOH-NH2 template. The satellite spheres are clearly observed in these 
images. Since the AFM tip moves only in vertical direction, the satellite spheres located 
on the side of the template can not be seen in these images. Figure 6.9 shows the AFM 
images of the silica capsules fixed on a glass slide. The only difference is this sample was 
spin coated on a glass slide not a PS-coated slide. When zoomed in, such as that shown in 
Figure 6.9D, small circles are clearly seen on each big bump, which are the asymmetric 
windows in the shell. As can be seen from the sectional image, the diameter of the outer 
windows is about 100 nm, which is in consistent with the size obtained from SEM and 
STEM images. 
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(A) 
 
(B) 
 
Figure 6.8 AFM images of the 1500/110 nm COOH-NH2 hierarchical templates. (A) 6.0 
x6.0 µm
2
 and (B) 1.5 x 1.5 µm
2
. 
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Figure 6.9 AFM images of the silica capsules fixed on a glass side fabricated by spin 
coating on a glass slide without a PS layer. (A) 10 µm scale range, (B) 20 µm scale range, 
(C) zoomed in image, and (D) AFM image of one window and its corresponding 
sectional. 
(A) (B) 
(C) 
(D) 
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6.5 Discussion  
Precise control over the capsule structure is very important. All the parameters 
influence the performance of the whole structure, like the size of the hollow void, the 
sizes of the small opening and big opening in the shell, the thickness and porosity of the 
shell, etc. Several modal examples are shown in Figure 6.10. The window area is 
determined by both the two sizes of the template PS spheres, specifically the area of the 
spheres that are in contact with each other. It is also determined by the wettability of the 
shell material (silica sol in this case) on the PS surfaces. The shell thickness is determined 
by the viscosity of the sol, the spin speed and the washing duration by acetic acid. These 
parameters are crucial with respect to structure design and its practical applications. 
                           
 
 
Figure 6.10 Example of capsules that have different void sizes, window sizes and shell 
thicknesses. 
 
    The glass slide coated with a thin layer of polystyrene beforehand is the key for 
transferring the capsules back into solution. A smooth PS layer also helps the templates to 
distribute evenly on the slide during the spin coating process.  This relatively 
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hydrophobic surface also helps ensure the extra sol will be spun away during spin coating.  
When immersed in chloroform, both the templates and the polystyrene layer will be 
simultaneously dissolved, which will release the porous capsules back into solution. The 
capsules can then be easily collected, and washed with chloroform on a cellulose 
membrane via a Buchner funnel. 
The washing step before the spin coating is very important to this whole fabrication 
process. Different solution and solvents have been used and compared for this step. 
Concentrated acetic acid doesn’t hydrolyze the sol much over short times, and it can mix 
well with the sol, so it was found to be the best candidate for the washing step.  Other 
solvents were also tried in this step, including water, ethanol, water/ethanol mixture, 
hexane, and dilute acetic acid. Water resulted in a complete coverage of the whole 
template due to the hydrolysis during the washing, and it also had trouble spreading the 
sol-coated templates on the relatively hydrophobic PS-coated glass slide; so nothing will 
be left on the surface. Ethanol, water/ethanol and dilute acetic acid had similar results 
where the satellite spheres on the template were covered by a thin layer of silica. Hexane 
didn’t disperse the sol/template well.  
Compared with cylindrical pores, the asymmetric pores have many advantages, such as 
enhanced transport and preferential diffusion direction.  For cylindrical shaped pores in 
the shell, ions or particles have to pass through the whole shell thickness in a very narrow 
channel. For asymmetric shaped pores, however, this narrow part is substantially reduced, 
since only the inner opening has the smallest size. Transport into the capsule can be 
greatly enhanced in this way. Furthermore, asymmetric pores have been shown to exhibit 
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geometric-induced asymmetric diffusion when the diffusing particles are of a similar size 
to the pore.
274
 Thus, asymmetric pores in a capsule may introduce more interesting 
diffusion phenomenon to the capsule structure compared with cylindrical pores. 
              
Figure 6.11 Asymmetric pore (left) versus cylindrical pores (right) in the shell wall. 
 
This is the first time that spin coating has been used to make silica capsules. Spin 
coating is a facile method normally used for thin film fabrication. Traditional ways to 
make silica capsules are mostly done homogeneously in solution, via nucleation and 
growth or the layer-by-layer (LBL) method.
124,275,276
 Nucleation involves the spontaneous 
formation of a new phase in a supersaturated solution.
277
 First is the generation of nuclei 
of atoms or ions, then the structure grows based on those nuclei. The problem with this 
method is that it is very hard to selectively grow on certain areas on the sphere surface. 
Also, the slow nucleation process makes the surfaces very porous and rough. 
Layer-by-layer assembly is another way to form the shell of a capsule. Layer-by-layer 
assembly involves the construction of coatings by the adsorption of alternately charged 
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polyions.
278
 There are many steps to the fabrication process, and aggregation may be 
problematical during the "positive"-"negative"-"positive"..... layer-by-layer process.  
Spin coating, however, is very easy, and the capsules produced using this method 
would have a more condensed, uniform shell that gives rise to well-defined pores. For 
capsules with more porous shells, the hollow structure would be much more fragile than 
those that have more condensed shells. Spin coated sol-gel has a more condensed 
structure compared with the one obtained by nucleation and growth in solution, since the 
silica sol has been partially hydrolyzed and condensed. 
    In a related experiment, another silica sol recipe was also evaluated for porous silica 
capsule fabrication. This particular sol contained a difunctional organosilane, specifically 
dimethyldiethoxysilane. The sol contained 1000 µL TEOS, 300 µL of DMDEOS, 2000 
µL of ethanol, and 300 µL of 0.1 M HCl.  It was stirred for 30 min and aged for two days 
at room temperature. SEM images of the capsules produced from this sol are shown in 
Figure 6.12. As can be seen most clearly in Fig. 6.12 (C), the outer openings of the 
windows on the shell of the porous capsules are almost closed.  Organosilanes coat the 
polystyrene surface better than TEOS during spin coating, which ultimately resulted in a 
smaller opening on the outer shell of the capsule. Thus, a different morphology of the 
capsules can be obtained by changing the components of the sol. 
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Figure 6.12 SEM images of capsules fabricated by using a silica sol containing 300 µL 
DMDEOS/ 1000 µL TEOS instead of 1300 µL TEOS. (A), (B), and (C) are different 
magnifications of the hollow capsules. 
 
6.6 Summary 
    In this work, a novel, well-defined hollow capsule with asymmetric pores that 
transverse through the shell has been fabricated by spin coating. In our approach, the core 
of the hierarchical template controls the size of the interior void while the size of the 
asymmetric pores in the shell is defined by the satellite spheres. The interconnectivity is 
guaranteed by the bonding between core and satellites on the hierarchical template. The 
hollow capsules are very uniform due to the hard templating method employed. 
2 um 
1 um 
(B) (A) 
(C) 
50 um 
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Compared with polymer capsules, the rigid nature of silica helps provide a fixed void 
space and shape, which can be potentially useful when they are used as reaction 
containers.  This is the first report where the “windows” in the shell of porous capsules 
are finely tailored and near uniformly distributed over the entire shell of the capsule.  
Both the inner pore and the outer pores have a relatively narrow pore size distribution due 
to the monodispersivity of the PS particles used to make the hierarchical templates 
(Coefficient of variation between 2-5%). Two important attributes of this structure are: (1) 
the numerous direct channels with short diffusional passageways and (2) asymmetric 
windows. All together these direct channels potentially provide efficient pathways to 
connect the inside of the capsule to the outside. The asymmetric windows offer the 
potential for facilitated diffusion and rectification, particularly when the diffusing 
particles are similar in size to the inner hole.
271
 By rectifying motion in a given direction, 
the option for separation/ concentration of a given species in solution exists, such as that 
shown for  microorganisms 
279
 and particles.
271
 It is envisioned that these capsules can be 
potentially useful for a number of applications including pollution treatment and drug 
delivery applications. 
 
 
 
 
 
 
155 
 
 
Chapter 7 Conclusion and Future work 
7.1 Conclusion 
A facile and reliable method of making multimodal porous materials based on 
hierarchical templates has been established in this work. Hierarchical templates of a 
predefined size and shape can be used to prepare multimodal porous materials with a 
well-defined large macropore surrounded by much smaller pores. The large macropore 
can provide easy access to the inner pores, which help to increase the overall surface area 
of the porous material. The templates can be easily prepared by chemically joining 
commercially available functionalized polystyrene latex spheres. Multimodal porous 
silica, bimodal porous gold and porous silica capsules have been successfully fabricated 
based on the 1500/110 nm and 1200/60 nm raspberry-like templates as examples for 3D, 
2D and 0D multimodal porous materials fabrication. SEM, TEM, and nitrogen adsorption 
were employed to characterize the multimodal porous silica monoliths. The surface area 
and electrochemical properties were studied for the bimodal porous gold. A thorough 
morphology characterization was carried out for porous capsules. The single polystyrene 
hierarchical template simplified the fabrication and template removal step. The colloidal 
crystal packing strategies previously reported in the literature are applicable to 
hierarchical templates, which makes this methodology of making multimodal porous 
materials more general and flexible.  Hard templating methods compared with other 
templating methods provides more control over uniformity. 
  The advantages that this approach provides are simplicity and versatility: (a) the 
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template is size-tailorable through alterations in the size of the central core and/or 
satellites and by changing the number density of the satellites; (b) only one template is 
needed in contrast to combining two or more templates, which can complicate the 
chemistry; (c) both 2D (films) or 3D (monoliths, powders) can be made, (d) having a 
hierarchical template that is made completely out of polystyrene allows flexibility in 
removal via mild solvent dissolution (e) the materials produced have well-defined pore 
sizes that are interconnected. The one current drawback is access to the “micropore” (d < 
2 nm) and to some extent the “mesopore” (2 nm < d < 50 nm) regions are limited by the 
smallest size of the latex sphere that can be purchased commercially- which is about 20 
nm. However, this limitation can likely be circumvented by in-house synthesis or 
utilization of another type of appropriately functionalized colloid. It is envisioned that 
these hierarchical porous materials will be useful as platforms for chemical sensing, 
chromatography, and catalysis. 
    The limitation for this method is the sizes scale of the pores due to the limitation of the 
PS sphere size. Commercially available uniform PS spheres are relatively big (> 20 nm). 
By using spheres of other materials that can go down to smaller sizes, like PMMA, 
quantum dots, we might be able to extend the size range a little wider. But a template 
composed of two or more materials might complicate the chemistry. 
    
7.2 Future work 
     Future work can focus on improving the desired properties of a specific material 
application. By controlling the size and the shape of the hierarchical templates made by 
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joining PS spheres, multimodal porous structures can be fabricated with more artificial 
design. It provides us a way to further study the physical/chemical properties improved 
by this structure, and optimize the parameters of the structure to obtain a better 
performance in various applications. Also, this size tunable ability provides researcher a 
possibility of systematical study of some of the size dependent properties, like surface 
roughness vs. superhydrophobicity, porous size vs. separation efficiency, etc. 
    For the porous silica capsule project, the structure has an interior void as a storage 
space or a reaction chamber that can encapsulate various substances, and the shell 
structure contains asymmetric pores for mass transport and release outlet. The pore 
channels all over the shell could be useful for many applications that requires fast 
diffusion in and out of the structure, such as the protection of biologically active species, 
removal of pollutants, catalysis, and sensing.
257,280,281
 In catalysis applications, it is 
essential to maximize permeate flux through the shell, while maintain enough thickness 
to maintain a stable structure under liquid pressure and mass transport. Membranes with 
asymmetricly shaped pores can have dramatically higher rates of transport than 
analogous cylindrical pore membranes due to their shorter diffusion pathway. Examples 
of the hollow spheres used as micro-sized reaction containers or size exclusive separation 
capsules for uploading drugs/catalyst are shown in Figure 7.1. In (a) the red particles are 
one of the reactants, and the green particles are the other reactant. After loading them one 
by one, a blue colored big particle is formed in the cavity, thus it provide a way to 
uploading catalyst or drugs that needs to be protected from attaching to other surfaces. In 
(b), a size exclusive uploading/separation is shown. 
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(a) 
 
 
(b) 
 
Figure 7.1 Functions based on the hollow sphere structure (a) reaction container and 
encapsulated catalyst (b) size exclusive separation. 
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